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ABSTRACT
Nestled within the Southeastern United States Turtle Priority Area, Mississippi
boasts impressive freshwater turtle diversity and is home to 8.6% of extant turtle species.
Despite this impressive richness, few studies have assessed freshwater turtle assemblages
in this hotspot of aquatic diversity. This research aimed to elucidate the distributions,
abundances, and assemblage compositions of freshwater turtles through a statewide
investigation of all major river drainages of the state. Using baited hoop nets (90 cm and
120 cm diameter), turtles were collected, identified to species and sex, and measured,
before being released. Turtle assemblages were assessed in both lotic and lentic
environments from the Pascagoula, Pearl, Tombigbee, and Mississippi River drainages
and were shown to vary among habitat types and between drainages. In addition to the
statewide assessment of distributions and abundances, the Indicators of Hydrologic
Alteration software was employed to detect drainage-wide hydrologic alterations in the
free-flowing Pascagoula River, the moderately altered Pearl River, and the heavily
channelized and impounded Tombigbee River. The severely modified Tombigbee
drainage showed significantly distinct hydrological alteration scores to the relatively
pristine Pascagoula drainage after the construction of the Tennessee-Tombigbee
Waterway, which connected two historically disjunct drainages through a series of 10
locks and dams in the Tombigbee River. The loss of intra-annual variation in streamflow
and homogenization of this environment has allowed for lentic species, notably
Trachemys scripta elegans, to attain extremely high abundances in the Tombigbee when
compared to the Pascagoula.
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CHAPTER I – Literature Review
1.1 The critical need for reptile research
Reptiles arose from their Anthracosaurian ancestors in the late Paleozoic Era,
more than 300 million years ago (Vitt & Caldwell, 2013; Bohm et al. 2013). Since their
emanation, reptiles have enjoyed tremendous evolutionary success. High rates of
cladogenesis in the early Mesozoic (aptly known as the Age of Reptiles) gave rise to
diverse groups that subsequently colonized almost all terrestrial and aquatic environments
(Vidal & Hedges, 2009; Bohm et al. 2013). Today, with over 10,000 known species,
reptiles represent perhaps the most speciose taxon of terrestrial vertebrates (Meiri &
Chapple, 2016). Despite being crucial for the maintenance of biological diversity and
filling various critical niches, non-avian reptiles have historically been overlooked in
their importance to the healthy functioning of ecosystems (Christoffel & Lepczyk, 2012).
Reptiles serve various vital roles in the diverse habitats they occupy, including being
integral to trophic dynamics (Christofell & Lepczyk, 2012). As ectotherms, reptiles are
incredibly efficient at converting food to biomass and as a result, reptile eggs and young
provide food for other vertebrate taxa (Christofell & Lepczyk, 2012; Bohm et al. 2013).
On the other side of the coin, reptiles also act as predators, curtailing prey populations,
including those that are potential vectors of disease (Bohm et al. 2013). In addition to
these traditional ecosystem drivers, members of this group aid in seed dispersal and
germination, assist in soil turnover, and serve as commensal species (Christofell &
Lepczyk, 2012; Bohm et al. 2013).
As of 2012, reptiles constituted approximately 28% of known non-fish vertebrate
species, a number that has surely changed as new species have been discovered and
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others have gone extinct (Christofell & Lepczyk, 2012). Despite what the precise current
percentage is, it is safe to assume reptiles represent a substantial proportion of
“terrestrial” vertebrates with Uetz (2016) placing the number of known reptilian species
at 10,309. Combined with estimates from other studies that found that approximately one
in five reptile species are threatened with extinction, there is no shortage of species
needing drastic assistance and intervention (Bohm et al. 2013).
Today’s biodiversity faces the sixth mass extinction event in our geologic history
(Meiri & Chapple, 2016). Over the last 500 years, there have been documented
extinctions of more than 600 vertebrate species as a result of anthropogenic activity
(Ceballos et al. 2015). While there have been concerted efforts of late to protect and
bolster biodiversity, wildlife management and research has been strongly biased toward
mammals and birds, leaving behind reptiles and their evolutionary distinct, yet
inextricably linked herpetofaunal brethren, amphibians (Christofell & Lepczyk, 2012).
This imbalance is attributed to several contributing factors, notably popular antipathy
toward reptiles, with the potentially hazardous species, such as venomous snakes and
crocodilians, casting a negative shadow over the predominantly harmless group (Scott &
Siegel, 1992).
Another influence that explains the absence of reptiles from management
techniques is that they are overwhelmingly non-game species, and thus less valuable
from a cost-benefit perspective. Regardless, their fate often falls into the hands of wildlife
managers who do not have access to peer-reviewed scientific literature on reptile life
history and the corresponding management necessities for these animals (Christofell &
Lepczyk, 2012). Wildlife management is often based on the economic importance and
2

appeal of the particular animal, while neglecting the biological importance of certain taxa
(Scott & Siegel, 1992). This creates a positive feedback loop as wildlife management
receives significant gains from licensing revenues and taxes from hunters and anglers,
which then dictates the subsequent allocation of funds for research (Christofell &
Lepczyk, 2012). The protocols generated are often hastily executed without allowing for
appropriate testing for efficacy (Scott & Siegel, 1992). As the life-histories of reptiles are
markedly different from traditionally managed game species, it is necessary to adopt
different strategies for their conservation. Compared to endotherms, reptiles have high
rates of juvenile mortality, low frequencies of reproduction, and an extended age of
sexual maturity (Shine, 2005). Due to these traits, it would be prudent to prioritize the
conservation of adult reptiles, especially females; however, most management protocols
place a higher importance on neonate and juvenile survival (Scott & Siegel, 1992).
This is not to lay all the blame on wildlife managers, as the research, including
studies that elucidate life histories and present baseline data, is lacking for a plenitude of
reptile species (Bohm et al. 2013). A study by Christofell & Lepczyk (2012), examined
journals that would likely be read by wildlife managers and found a paucity of articles
relating to herpetofauna. While the number of papers dealing with herps increased over a
30-year period, they found that at best, <6% of papers dealt with herpetofauna
(Christofell & Lepczyk, 2012). Aside from their non-game status, a potential explanation
for the dearth of reptile research lies simply with the cryptic nature of herpetofauna.
Generally speaking, reptiles are quiet and well-camouflaged, and have restricted activity
seasons, not to mention that many are nocturnal (Christofell & Lepczyk, 2012). All these
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factors contribute toward making reptile research challenging and at times, downright
frustrating.
So, it is known that reptiles are biologically invaluable and there is a shortage of
research on these taxa, but is there an element of urgency surrounding said research? The
answer is overwhelmingly and even alarmingly in the affirmative. There is no doubting
from the scientific community that global biodiversity is suffering at the hands of Homo
sapiens. However, our knowledge of geographic patterns and drivers of extinction risk is
predominantly based on studies of mammals, birds, and to a lesser degree, amphibians
(Meiri & Chapple, 2016; Tingley et al. 2016). Perhaps the most contributary organization
on this subject is the IUCN Red List of Threatened Species, which has made great strides
toward assessing data on the aforementioned taxa but has wide knowledge gaps when it
comes to reptiles (Tingley et al. 2016). Approximately 55% of known reptile species
have not been evaluated by the IUCN, with another 19% being data deficient (Meiri &
Chapple, 2016; IUCN, 2015; Tingley et al. 2016). When compared to surveys of other
vertebrate taxa, this deficiency is especially stark, with the IUCN having evaluated 99%
of birds and mammals and 83% of amphibians (Meiri & Chapple, 2016). In 2013, Bohm
et al. conducted the first global study of the conservation status of reptiles, and using a
subsample of 1500 species, found that almost 20% of reptile species were threatened,
with another 20% data deficient as to their at-risk status. This high proportion of data
deficient species serves as a major impediment to reptile conservation (Tingley et al.
2016).
Despite the underlying uncertainties, there is no doubt that reptiles are undergoing
global declines, perhaps equaling or exceeding the precipitous declines of amphibians
4

that have garnered significantly more attention (Gibbons et al. 2000). Gibbons et al.
(2000) delineated the six most pressing threats facing today’s reptiles as habitat loss and
degradation, invasive species, disease and parasitism, pollution, unsustainable harvest,
and climate change. All these problems are either innately human in origin or exacerbated
by human activities, and if these animals are to persist and rebound, wildlife managers
must be proactive and committed to applied conservation strategies.
The global amphibian crisis, much like that being experienced by reptiles, has
several causal factors, but many researchers cite the loss of suitable habitat to be the
leading driver of this emergent issue (Alford & Richards, 1999; Gibbons et al. 2000).
Reptiles are also inherently sensitive to habitat loss and degradation. This can be
attributed to their relatively low dispersal abilities and small home ranges, morphological
specializations that are substrate-specific, and thermoregulatory constraints (Kearney et
al. 2009; Bohm et al. 2013). Some regions of the United States have lost more than 80%
of their historical wetland acreage, and even in cases where the wetland proper is
protected, the surrounding terrestrial habitat – an essential component of the life histories
of semiaquatic reptiles – often is not (Gibbons et al. 2000; Burke & Gibbons, 1995). In
the Southeastern U.S., the loss of 97% of longleaf pine habitat has played a major role in
the decline of several reptile species, such as gopher tortoises (Gopherus polyphemus)
and eastern indigo snakes (Drymarchon couperi) (Ware et al. 1993; Gibbons et al. 2000).
The introduction and ensuing invasion of non-native species has also precipitated
the collapse of reptile fauna (Gibbons et al. 2000). Since the onset of the Age of
Exploration, humans have accidentally and purposefully spread biotas to new
environments, causing drastic repercussions for local flora and fauna (Mooney &
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Cleland, 2001). The effects of invasion are most pronounced on island systems but can
also be severely deleterious on the mainland. Non-native rodents, cats, and ants have
extirpated several lizard species on many island chains, and the last remaining
Sphenodontian species face the same threats in the islands of New Zealand (Case &
Bolger, 1997; Daugherty et al. 1990; Gibbons et al. 2000). In the continental U.S.,
invasive fire ants, which were introduced just over a century ago, pose serious threats to
reptile eggs and hatchlings (Wilson, 1950; Gibbons et al. 2000). Non-native plant species
can also threaten herpetofauna, as they have the potential to alter habitat structure, native
plant community composition, and fire regimes (Lovich, 1995; Gibbons et al. 2000).
Invasive species have swiftly become one of the most dire threats to global biodiversity,
as biogeographic barriers that previously isolated evolutionarily disjunct species have
been discarded (Mooney & Cleland, 2001). However, the impacts of these invaders do
not affect local species in a vacuum; instead, they work synergistically with other
anthropogenic impacts, such as habitat degradation, creating a novel, compounded threat
to biodiversity (Didham et al. 2005).
While not innately a human-induced issue, a recent spike of disease and
parasitism can certainly be tied to our rapidly expanding global footprint. The prevalence
of fungal diseases affecting wildlife populations has increased at an alarming rate over
the last few decades (Lorch et al. 2016). In certain taxa, these maladies have garnered
significant public attention, while the issue has remained relatively under the radar for
others. Some of the more publicized diseases include the emerging chytrid fungus
affecting amphibians and white-nose syndrome in bats. Reptiles are not immune from
this mycological threat, with populations of U.S. snakes suffering from a new condition
6

called snake fungal disease, which has not received much attention outside of
herpetological circles (Lorch et al. 2016). Aside from fungal threats, bacterial infections
can also threaten reptile populations. One such bacterium is Mycoplasma agassizii,
responsible for the highly contagious upper respiratory tract disease that is a potential
driving force of Gopherus declines (Gibbons et al. 2000). The pervasiveness of these
debilitating ailments is certainly intensified by human influence, with the animal’s
immune system already being compromised by environmental stressors. It is likely that
the heightened occurrence of these diseases are secondary expressions of living in suboptimal conditions and dealing with habitat alteration, pollution, or invasive species
(Gibbons et al. 2000).
Habitat degradation, along with habitat loss, is one the primary drivers of herp
population declines (Gibbons et al. 2000). In aquatic ecosystems, pollutants serve as a
principal form of environmental degradation. Amphibians have received considerably
more research into the impacts of contaminants than reptiles, as their role as bioindicators
has long been understood. This is mostly due to differences in integument and egg
composition, as amphibians have highly permeable skin while reptiles have keratinized,
impermeable skin; further, amphibian eggs are coated in simple gelatinous membranes,
while reptile eggs are protected by a calcareous shell (Gibbons et al. 2000). However, the
value of reptiles as bioindicators has now been appreciated and the negative impacts of
contaminants on reptile health and populations are beginning to be parsed out (Gibbons et
al. 2000). Even when the effects of pollutants are nonlethal, they can cause detrimental
shifts in demographics and alter individual energy allocation, putting additional stress on
already predisposed animals (Gibbons et al. 2000).
7

While the harvesting of wildlife for consumption is an inherent part of the human
condition, our increasing population makes this collection a major threat to biodiversity
(Weinbaum et al. 2013). Overexploitation is a causal factor in mammal, bird, and reptile
population declines, with some authors suggesting that it is the second-most contributing
influence after habitat destruction (Vie et al. 2009; Weinbaum et al. 2013). Harvesting of
wildlife is only sustainable if it can be continued indefinitely without antagonistic effects
on population survival, which is not the case for many reptile species (Ross, 1998;
Gibbons et al. 2000). This problem is compounded by the fact that the international
market for herpetofauna products is quite lucrative, amounting to hundreds of millions of
dollars annually (Scott & Siegel, 1992). Long-lived species are especially vulnerable to
overexploitation, as their longevity is also associated with delayed sexual maturity, high
adult survivorship, and low fecundity (Gibbons et al. 2000). Turtles are undoubtedly the
group of reptiles most afflicted by human consumption, as the unregulated international
turtle trade is prodigious (Sharma, 1999). This global threat is typified by the Asian turtle
crisis, which will be explored further in the following section.
Lastly, the most intangible and insidious danger to reptile populations and overall
biodiversity is climate change. By some estimates, more than a million terrestrial species
are fated for extinction by the mid-century as a result of human-induced climate change
(Keith et al. 2014; Thomas et al. 2004). The IUCN Red List of Threatened Species
which, again, has done considerable work toward demarcating species at risk, has been
criticized for not accounting for the predominantly slow-moving threat that is climate
change. As a result, it is difficult to assess the global consequences of climate change for
extant species (Keith et al. 2014; Thomas et al. 2011). The impacts of climate change are
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far-ranging, with implications for species ranges, habitat associations, life-history
phenology, disease emergence, and heightened extinction risks (Bohm et al. 2016). In
addition to these effects, climate change can also interfere with life-history traits specific
to reptiles. This includes potentially altering several behaviors, such as basking, foraging,
and resting, as well as changing habitat and resource use (Bohm et al. 2016). For proper
metabolic and reproductive processes to function, most reptiles have specific
requirements for microhabitat selections and thermoregulatory behavior, making them
decidedly vulnerable to climate change (Tuberville et al. 2015). Oviparous reptiles, which
account for approximately 85% of extant reptiles, are most at risk from rising
temperatures, with those taxa that have temperature-dependent sex determination being
especially jeopardized (Tinkle & Gibbons, 1977; Hawkes et al. 2009; Bohm et al. 2016).
Climate change also has the potential to aggravate the current predicaments that imperil
reptiles, such as habitat fragmentation. Fragmentation impedes dispersal, and with their
limited dispersal abilities, reptiles are more threatened by changing habitats than more
vagile taxa (Gibbons et al. 2000).
In summation, reptiles face a bevy of threats that originate from the activities of
the ever-expanding human footprint. These challenges would be worrisome enough if
they were isolated, but the harsh truth is that these pressures work additively to endanger
reptile fauna. These synergistic effects are challenging to quantify and present dynamic
problems that require dynamic answers. Going forward, it is imperative to establish longterm monitoring of reptile populations, with herpetofaunal inventories becoming a
standard aspect of environmental assessment programs (Gibbons et al. 2000). Only when
widespread monitoring becomes the norm, can declines be better documented and the
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causal factors elucidated, which will hopefully lead to more applied management
strategies to conserve these invaluable animals (Gibbons et al. 2000).
1.2 Testudines – A Taxon on the Brink
Members of the order Testudines, more commonly referred to as chelonians or
turtles, have been a historically successful taxon, spanning back almost 300 million years
to the Triassic Period (Joyce & Gauthier, 2003). While many body forms have arisen and
subsequently been confined to the fossil record, the characteristic shell of the turtle has
remained relatively unchanged throughout the mega-anna (TCF, 2002). Among other
conflicting results, this highly derived morphology has served to obscure the phylogeny
of Testudines within the amniotic clade (Joyce & Gauthier, 2003). Further confusion has
persisted due to the discrepancies between morphological and genetic data (Schoch &
Sues, 2015).
Historically, turtles were proposed to be a sister group to all extant amniotes, but
more recent work has placed them within the monophyletic Reptilia (Williston, 1917;
Joyce & Gauthier, 2003). To this day, the placement within Reptilia is yet to be
deciphered. Over the past few decades, nearly all possible placements within Reptilia
have been proposed, with conclusions differing based on the DNA sequences used, study
taxa, and analysis methods (Joyce & Gauthier, 2003). The two leading hypotheses for the
proper phylogeny of Testudines are as follows: 1) turtles belong within the basal anapsid
clade of reptiles and are sister to Pareisaurs or Procolophonoids 2) turtles belong within
the diapsid clade and are sister to Sauropterygia, a group of marine reptiles from the
Mesozoic (Joyce & Gauthier, 2003; Rieppel & Reisz, 1999). What can be parsed out
from the fossil record is that turtles almost certainly arose in aquatic environments, a
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hypothesis supported by paleobiogeographic and stratigraphic evidence (Rieppel &
Reisz, 1999; Joyce & Gauthier, 2003; Joyce, 2015). This origin is undoubtedly
monophyletic, based upon the synapomorphy of ribs fused to dermal bones creating a
protective shell over the girdles (Shaffer, 2009; Sterli, 2010). The group is further
subdivided into the clades of Pleurodira and Cryptodira, a split that occurred over 200
million years ago (Shaffer, 2009). Pleurodires, or side-necked turtles, are so named for
their ability to retract their necks by bending the neck in a horizontal plane and are
restricted to the southern hemisphere. The more diverse clade of Cryptodires, or hiddenneck turtles, alternatively retract their heads by bending in the vertical plane. These
turtles have a more global distribution and can be found in both hemispheres in temperate
and tropical regions, reaching their peak diversity on the northern continents (Shaffer,
2009)
Many extant turtle species face extinctions as a direct result of human activities.
Of the 360 or so chelonian species known to science, more than 87% are considered
threatened or endangered/critically endangered (Rhodin et al. 2018). These trends make
Testudines one of the most imperiled larger orders found in Reptilia, Amphibia,
Mammalia, and Aves, with comparable percentages of threatened species to primates and
salamanders (Rhodin et al. 2018).
Turtle species in Asia have been especially hard-hit, as the Asian turtle crisis
centered in China has decimated populations through its unsustainable harvesting for
food, medicines, and pets (Rhodin et al. 2018; TCF, 2002; Gibbons et al. 2000). Chinese
species have suffered the most, but as the demand has grown while local chelonian
populations have simultaneously dwindled, the effects have radiated outward to all Asian
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turtles and the trade now affects turtles on a global scale (Rhodin et al. 2018).
Exacerbating the issue is that this international trade is unregulated, leading to
uncertainties as to the scale and impact of the trade (Sharma, 1999; Gibbons et al. 2000).
While estimates vary, no one doubts the severity of this overexploitation on turtle
populations, with more than 10 million individuals being imported to China annually and
tons of live turtles being moved daily into the country (TCF, 2002). Species are harvested
indiscriminately, with no consideration of conservation statuses, resulting in depleted and
extirpated populations (TCF, 2002).
Aside from this concerning phenomenon, turtles face a series of anthropogenic
challenges in their natural habitats, some of which can be traced as far back as 2.6 million
years ago, when hominids developed Oldowan stone technology and began to overexploit
turtles for food (Turtle Extinctions Working Group, 2015; Lovich et al. 2018). Today, in
South America and Africa, where the effects of the Chinese markets are not as
pronounced, turtles are still collected for subsistence as bushmeat, as well as for the
international pet trade (TCF, 2002). As for North America and Europe, the primary
threats are habitat loss and alteration, as well as collection for the pet trade (TCF, 2002).
North America is home to 53 turtle species, with 40 species endemic to the area
and 13 shared with Central America (Buhlmann et al. 2009). Of these species, Gopherus
agassizii, Actinemys marmorata, and Kinosternon sonoriense, are included in global
conservation strategies (GCS). Considering the perils facing turtles, it is imperative to
identify areas of significant chelonian diversity, which can allow for the development of
conservation strategies (Buhlmann et al. 2009). As a result, the Southeastern United
States has been deemed a Turtle Priority Area (TPA), based on its impressive richness
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and abundances (Buhlmann et al. 2009). The Southeastern United States TPA harbors
either sizable portions or the entirety of 43 species’ ranges and is comprised of five
ecoregions: Southeastern Mixed Forests (29 sp.), Southeastern Conifer Forests (25 sp.),
Mississippi Lowland Forests (10 sp.), Piney Woods Forests (13 sp.), and the Edwards
Plateau Savanna (3 sp.) (Buhlmann et al. 2009).
The zenith of turtle diversity in the Southeastern United States TPA is the MobileBay drainage of Alabama (Buhlmann et al. 2009). Alabama is home to the most turtle
species in the TPA (33 sp.), with Mississippi narrowly trailing with 31 species, two of
which – Graptemys flavimaculata and Graptemys gibbonsi – being endemic to the state
(Selman & Qualls, 2009). However, surveys of the upper Escatawpa in 2019 revealed
significant upstream range extensions for both species approaching the MississippiAlabama border (Haralson & Pearson, unpublished data). Thus, it is possible that these
species’ ranges will soon include Alabama if they do not already do so. While
Mississippi boasts an impressive diversity of freshwater turtles and can account for 8.6%
of global turtle richness, relatively few surveys outside of Graptemys have been carried
out in the state (Lindeman, 1999; Selman & Qualls, 2009). A summary of riverine turtles
found in Mississippi can be found below.
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1.3 Riverine Turtles of Mississippi
1.3.1 Chelydridae – Chelydra serpentina & Macrochelys temminckii
Chelydra serpentina is a widespread North American species, occurring east of
the Rocky Mountains, as far north as the Great Lakes region and Nova Scotia, and south
into Florida and the Nueces River (TX) (van Dijk, 2012; Iverson; 1992; Ernst & Lovich,
2009). This species also has been introduced west of the Rocky Mountains and into Asia
(van Dijk, 2012). Chelydra serpentina is a habitat generalist, being found in almost any
type of water body, and can withstand a wide gradient from lentic to lotic systems (van
Dijk, 2012). As to their diet, C. serpentina feed on a wide variety of animal and plant
matter, and will also readily consume carrion (van Dijk, 2012). Based on the species’
high reported densities, its biomass and presumed ecological significance are
considerable (van Dijk, 2012). While C. serpentina has been widely exploited and local
population declines have been observed, the adaptability of the species paired with its
relatively high reproductive potential bode well for the species, and as a result, it is
currently considered Least Concern by the IUCN (van Dijk, 2012).
Macrochelys temminckii has a more restricted range than its Chelydrid
counterpart and can only be found in the Southeastern United States in rivers that drain
into the Gulf of Mexico (Powell et al. 2016). Much like C. serpentina, M. temminckii is
an opportunistic omnivore whose diet consists of animals, plants, and carrion (Elsey,
2006). As the largest North American freshwater turtle, this species has undergone
significant historical harvest, especially in the wake of sea turtles being granted federal
protection (Roman & Bowen, 2000; Pritchard, 2006, Sloan & Lovich, 1995). While still
occupying a large range (>10,000 km2), population densities are likely low throughout its
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range (Tortoise & Freshwater Turtle Specialist Group, 1996). As a result, this species is
currently under review for a Species Status Assessment by USFWS and is considered
Vulnerable by the IUCN.
1.3.2 Emydidae – Chrysemys dorsalis, Graptemys flavimaculata, Graptemys
geographica, Graptemys gibbonsi, Graptemys nigrinoda, Graptemys oculifera,
Graptemys ouachitensis, Graptemys pearlensis, Graptemys pseudogeographica,
Graptemys pulchra, Pseudemys concinna, Trachemys scripta elegans

The Emydids represent the most diverse family of freshwater and terrestrial
turtles, with approximately 47 species split into two subfamilies, the Emydinae and
Deirochelyinae (Vitt & Caldwell, 2013). All freshwater Emydids found in Mississippi
belong to the Deirochelyinae. These turtles exhibit sexual dimorphism, with females
attaining greater sizes than males, most dramatically exemplified within Graptemys.
Chrysemys dorsalis, formerly C. picta dorsalis, ranges from extreme southern
Illinois to the Gulf of Mexico and is absent from most of coastal Mississippi (Powell et
al. 2016). This species can be distinguished from other Chrysemys by the presence of an
unbroken middorsal stripe. While this species prefers lentic systems, it can be found in
backwaters of streams and occasionally rivers (Ernst & Lovich, 2009; Powell et al. 2016).
Chrysemys tend to be omnivorous generalists and have even been observed to feed on
epizootic algae off shells of other species of turtle (van Dijk, 2011e; Krawchuk et al.
1997; Haralson & Pearson, 2020).
Most of the turtle diversity in the Southeastern United States TPA can be
attributed to the genus Graptemys, which exhibits high rates of endemism, with many
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species confined to a single river drainage. Mississippi currently has two endemic
species, G. flavimaculata and G. gibbonsi, which are both restricted to the Pascagoula
River drainage. The total range of these species is a mere 760 km of river; however, not
all stretches of river are occupied (Ennen et al. 2010; van Dijk, 2011f). Considered to be
exclusively riverine (we have observed G. flavimaculata in oxbows and even came upon
a female preparing to nest outside of an oxbow), this species prefers rivers with
moderate-strong current and abundant basking structure (van Dijk, 2011f). Juveniles and
males predate insects and freshwater sponges, while larger females mostly consume
mollusks and sponges (Seigel & Brauman, 1994 in Ernst & Lovich, 2009; van Dijk,
2011f). Due to the restricted range of the species paired with a decreasing population, this
species is considered Vulnerable by the IUCN and Threatened by USFWS (Powell et al.
2016). The sympatric G. gibbonsi is more imperiled, with some estimations of population
declines of 80-90% since 1950 (van Dijk, 2011g). Graptemys gibbonsi prefers large to
medium-sized rivers with ample basking sites, sandbars for nesting, and high-density
molluscan populations (van Dijk, 2011g). Again, males and juveniles are mostly
insectivorous, with the larger megacephalic females having a molluscivorous diet (van
Dijk, 2011g). With such precipitous declines, the species is considered Endangered by
the IUCN, but is granted no federal protection by USFWS (van Dijk, 2011g).
Moving west to the Pearl River drainage, there are Graptemys oculifera and the
recently described Graptemys pearlensis, formerly G. gibbonsi, which are again endemic
to this one river system. These species have a slightly larger range than Pascagoula
Graptemys, occupying 875 river km (Jones & Selman, 2009; van Dijk. 2011h).
Graptemys oculifera inhabits streams with moderate-fast current with basking structure
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and sunny gaps (van Dijk, 2011h). There is little difference between feeding habits of
males and females, with both predating a variety of insects and scavenging dead fish
(Jones & Selman, 2009; van Dijk, 2011h). Major modifications to the Pearl River,
including channelization of 21% of the river with more prescribed, has caused declines in
the population and is currently considered Vulnerable by the IUCN and Threatened by
USFWS (van Dijk, 2011h). Despite having a recovery plan prepared, no funding has been
provided nor has habitat been protected. Protection mostly comes from the states, where
the species is State-listed as Endangered in Mississippi and Threatened in Louisiana (van
Dijk, 2011h). Due to the recent spitting of the Pearl River population of G. gibbonsi into
G. pearlensis, little quantitative data exists on population trends; however, as G. gibbonsi
(including those currently known as G. pearlensis) populations have seen precipitous
declines, the same can be assumed for G. pearlensis, qualifying it as Endangered by the
IUCN (van Dijk, 2011i). Again, little is known about the ecology of G. pearlensis, but it
is most likely similar to that of G. gibbonsi (van Dijk, 2011i). Aside from loss of habitat
via channelization, this megacephalic species is threatened by decreasing mollusk
populations due to pollution (van Dijk, 2011i).
As we enter the Mississippi Delta, the representative Graptemys species are G.
ouachitensis and G. pseudogeographica. The taxonomy and distribution of these species
has long been unsettled, leading to an extensive revision by Vogt (1993) (van Dijk,
2011j). Graptemys ouachitensis occurs in the Mississippi River Basin from Texas and
Louisiana northward to Minnesota, as far east as West Virginia, and west to Kansas
(Powell et al. 2016). This species is predominantly riverine, preferring rivers with fast
currents and submerged vegetation, but will also utilize lentic habitats (van Dijk, 2011j).
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Graptemys ouachitensis feed on a wide variety of plant and animal matter, including
carrion, and are considered generalist omnivores (van Dijk, 2011j). While certain
populations have experienced declines, the mobility and relatively high reproductive
potential of the species bodes well for its persistence and is thus considered of Least
Concern by the IUCN (van Dijk, 2011j). Graptemys pseudogeographica is split into G. p.
pseudogeographica – the northern variety - and G. p. kohnii – the southern variety. The
two are known to be sympatric from Tennessee north to Illinois, and west into Kansas;
however, several G. p. pseudogeographica were recorded from our surveys of the Big
Black River and Yazoo River Drainages in Mississippi, potentially bringing the zone of
sympatry southward (Powell et al. 2016). Graptemys pseudogeographica is more of a
habitat generalist than the sympatric G. ouachitensis, and can be found in rivers, lakes,
ponds, and marshlands, with a preference for muddy bottoms, aquatic vegetation, and
stretches with ample basking spots (van Dijk, 2011k). More is known about population
trends in G. p. kohnii than in G. p. pseudogeographica, but the species is considered
stable and of Least Concern by the IUCN based on its mobility and reproductive potential
(van Dijk, 2011k).
The Tombigbee River drainage in the northeastern portion of the state is home to
G. nigrinoda and G. pulchra. While previously considered to be Near Threatened, G.
nigrinoda, has now been elevated to Least Concern due to healthy populations across a
significant range (Blankenship et al. 2008; van Dijk, 2011l). It is known to occur below
the Fall Line in Alabama and Mississippi, from the Alabama, Tombigbee, Warrior,
Coosa, Tallapoosa, and Cahaba rivers (van Dijk, 2011l). Graptemys nigrinoda prefer
rivers with moderate current and sufficient basking sites but is also known to exploit
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impoundments as well (van Dijk, 2011l). As for their diet, G. nigrinoda mostly feed on
bryozoans, sponges, mollusks, and insects, and will also consume plant material (van
Dijk, 2011l). Despite being considered Least Concern by the IUCN, G, nigrinoda is a
Protected Nongame Species in Alabama, and State-listed as Endangered in Mississippi
(van Dijk, 2011l). Graptemys pulchra ranges through the Alabama River system of
Alabama, northeastern Mississippi, and northwestern Georgia, preferring larger, swiftly
flowing rivers with abundant basking sites (Ernst & Lovich, 2009; van Dijk, 2011m).
Males and juveniles mostly predate insects, while the megacephalic females prefer a
molluscivorous diet (van Dijk, 2011m). However, when compared to other megacephalic
Graptemys, the snout is more pointed and the jaws less wide, amounting to a less
pronounced megacephalic condition (Powell et al. 2016). Populations seem to be fairly
stable, especially compared to G. gibbonsi and G. pearlensis, but more monitoring is
needed as the species may warrant Threatened status. At present, the species is
considered Near Threatened (van Dijk, 2011m).
The last of the Graptemys native to Mississippi is G. geographica, which
occupies a large range that includes a minute sliver of northeastern Mississippi in the
Tennessee River drainage (Powell et al. 2016). Recent surveys by Brown et al. (2020),
revealed the first confirmed accounts of the species in the state. This species prefers
medium-large open water with basking sites and healthy mollusk populations, with
northern populations favoring lentic systems, while southern population favor lotic
systems (van Dijk, 2011n). Graptemys geographica is abundant and widespread, earning
it the assessment of Least Concern by the IUCN (van Dijk, 2011n).
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The taxonomy surrounding P. concinna and the genus Pseudemys as a whole is
still quite muddled, with some arguing that P. concinna includes P. c. concinna, P. c.
floridana, and P. c. suwanniensis, while others treat these as species (Turtle Taxonomy
Working Group, 2010; van Dijk, 2011o). Pseudemys concinna has a wide range spanning
much of the eastern and central U.S. and can be found as far east as Virginia, west to
central Texas and Oklahoma, and north to Illinois and Ohio (Powell et al. 2016; van Dijk,
2011o). This species is mostly associated with medium-large rivers with submerged
vegetation but can also utilize lentic habitats to a lesser degree (van Dijk, 2011o).
Pseudemys concinna has a highly herbivorous diet and may play a significant role in
nutrient cycling as a result of its substantial biomass (van Dijk, 2011o). Currently
considered of Least Concern, populations are in need of monitoring as the species faces
an array of threats, and may warrant Near Threatened assessment (van Dijk, 2011o).
Trachemys scripta consists of T. s. scripta, T. s. elegans, and T. s. troosti, and is
native to the eastern and central US (Iverson, 1992; van Dijk et al. 2011) This species has
been introduced on a global scale and as a result, T. s. elegans is the most common turtle
species in the world and often the most abundant species both in its native and non-native
range (Powell et al. 2016). While Mississippi allegedly only has T. s. elegans (except for
the upper Tombigbee River where T. s. scripta occurs in sympatry), we find that T.
scripta are highly variable, exhibiting everything from true T. s. scripta characteristics to
T. s. elegans characteristics, with some displaying features of both subspecies (Powell et
al. 2016). This is a true habitat and diet generalist, which enables the species to achieve
such considerable success at invasions (van Dijk et al. 2011).
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1.3.3 Kinosternidae – Sternotherus carinatus, Sternotherus odoratus, Sternotherus
peltifer
Members of the family Kinosternidae consist of the mud turtles (Kinosternon),
which prefer lentic systems, and the more riverine musk turtles (Sternotherus).
Sternotherus carinatus ranges from central Texas through southeastern Oklahoma,
southern Arkansas, most of Louisiana and southern Mississippi to southwestern Alabama
(Iverson, 1992; Lindeman, 2008, van Dijk, 2011a). Sternotherus carinatus prefer medium
to large flowing streams with sand or gravel bottoms and can less often be found in lakes
and swamps (van Dijk, 2011a). The presence of both above and below water deadwood
plays a determining factor in habitat suitability for the species (Lindeman, 2008; van
Dijk, 2011). This small (<20 cm CL) species is primarily carnivorous, favoring a
durophagous diet consisting of mollusks (van Dijk, 2011a). Despite certain populations
being threatened by pollutants, deadwood removal and other human impacts, these
threats do not warrant protection and the species is considered Least Concern by the
IUCN (van Dijk, 2011a).
Sternotherus odoratus is a highly adaptable species with a widespread range,
spanning north to the Great Lakes region and Maine, south into Florida, and as far west
as central Texas (Powell et al. 2016). This species tolerates a wider range of habitats than
other members of the genus and can be found in a variety and lentic and lotic systems
(van Dijk, 2015). Sternotherus odoratus is an omnivorous species with a highly
molluscivorous diet (van Dijk, 2015). This species has not shown significant declines as a
result of anthropogenic activity and was considered “the last turtle species to be
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negatively affected by environmental degradation (Buhlmann et al. 2008, qtd. in van
Dijk, 2015).
The last of the Sternotherus native to Mississippi is Sternotherus peltifer, which
was until recently considered a subspecies of Sternotherus minor. This species can be
distinguished from S. minor by only having one middorsal keel, instead of three
pronounced keels, and having dark stipes on the side of head and neck (Powell et al.
2016). Sternotherus peltifer ranges from extreme southeast Louisiana east to northwest
Georgia and north into Tennessee, southwest Virginia and western North Carolina
(Powell et al. 2016). Much like S. carinatus, S. peltifer is primarily carnivorous and
displays an ontogenetic diet shift from insects to mollusks as they age (van Dijk, 2011b).
This species has not been assessed by the IUCN since being elevated to species status.
1.3.4 Trionychidae – Apalone mutica & Apalone spinifera
Members of the family Trionychidae are unique among turtles in that they lack a
hard, keratinaceous shell, and instead have soft, leathery shells that allow for a more
motile lifestyle (Powell et al. 2016). Trionychids are extremely aquatic but can tolerate a
variety of waterbodies. These softshell turtles also have pronounced sexual dimorphism,
with the females attaining much larger sizes. Two of the three species of Apalone can be
found in Mississippi. Apalone mutica ranges throughout the greater Mississippi basin as
far north as North Dakota and Minnesota, and east into western Pennsylvania. It also
occupies the Colorado, Brazos, Sabine, Pearl, Alabama, Pascagoula, Mobile-Bay, and
Escambia river systems (Webb, 1973; Iverson, 1992, van Dijk, 2011c). There are two
subspecies currently recognized (A. m. mutica & A. m. calvata), with A. m. mutica
enjoying a substantially larger range, while A. m. calvata is restricted to the Pearl,
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Pascagoula, and Mobile-Bay drainages (Turtle Taxonomy Working Group, 2017). This
species inhabits medium-large rivers with moderate-fast currents but can to a lesser
degree be found in lentic systems that connect to rivers via flooding (van Dijk, 2011c).
Soft, sandy bottoms are preferred, and sandbars are essential for suitable habitat (van
Dijk, 2011c). Apalone mutica are omnivores with a preference for animal matter,
specifically insects (van Dijk, 2011c). While the species is known to be abundant, it is
highly cryptic making sampling difficult. Although it is currently listed as Least Concern
by the IUCN, population monitoring is suggested as the species may warrant being
considered as Near Threatened (van Dijk, 2011c).
Apalone spinifera is another widespread Trionychid, ranging from south Ontario
and Quebec to northern Mexico (Powell et al. 2016). It occurs throughout most of the
United States east of the Rocky Mountains and can be found nearly throughout the
Mississippi-Missouri-Ohio system into Wyoming and the Great Lakes region (van Dijk,
2011d). Apalone spinifera is mostly absent from the northern Atlantic coast but can be
found in coastal North Carolina, South Carolina, and Georgia (Powell et al. 2016). The
taxonomy of the group is still in flux, with potentially five or six subspecies: A. s.
spinifera, A. s. aspera, A.s. emoryi, A. s. guadalupensis, A. s. pallida and A. s. atra
(formerly A. atra, but recent genetic and morphological studies suggest a subspecies
designation [McGaugh 2008, McGaugh & Janzen, 2008, McGaugh et al. 2008]) (van
Dijk, 2011d). Apalone spinifera is a generalist species, occupying a wide variety of lotic
and lentic waterbodies, but prefers sandy bottoms with aquatic vegetation and sandbars
(Ernst et al. 1994; van Dijk, 2011d). These turtles are primarily carnivorous, feeding on a
variety of insects, fish, and crawfish, but will also consume plant matter (Ernst et al.
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1994, van Dijk, 2011d). Due to its adaptable condition and relatively high reproductive
potential, A. spinifera is regarded as Least Concern by the IUCN (van Dijk, 2011d).
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CHAPTER II - STATEWIDE ASSESSMENT OF FRESHWATER TURTLE
ASSEMBLAGES IN MISSISSIPPI
2.1 Introduction
Turtles (Order: Testudines) represent an ancient and successful evolutionary
lineage, spanning back almost 300 million years to the Triassic Period (Joyce & Gauthier,
2003). While the highly conserved body plan and life history of turtles have allowed
them to thrive over several geologic periods, surviving the K-Pg Extinction event as well
as other minor extinction events, modern turtle species face a bevy of anthropogenic
threats. As a result, 51.9 % of extant chelonian species are considered threatened, while
another 35.3% qualify as endangered or critically endangered (Rhodin et al. 2018). These
trends make Testudines perhaps the most imperiled vertebrate taxon today, with several
species doomed to extinction in a matter of decades without applied conservation
strategies (Gibbons et al. 2000; Rhodin et al. 2018; TCF, 2002). The present predicament
facing this group is driven by many of the same factors that contribute toward reptile
declines as a whole. The principal threats that extant turtles must contend with are habitat
loss, harvest for the pet and food trade (typified by the Asian Turtle Crisis centered in
China), road mortality, introduction of invasive species, population isolation, spreading
of introduced pathogens, global warming, and degrading water quality via pollutants
(TCF, 2002; Lovich et al. 2018; Gibbons et al. 2000).
As we face our modern extinction crisis, many species lack sufficient data for
accurate species-extinction projections (Lydeard & Mayden, 1995). This impediment to
conservation has led to an acceleration of biological inventorying and the identification of
so-called biodiversity hotspots that represent locations of high endemism and richness
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particularly imperiled by human activities (Myers, 1988; Raven & Wilson, 1992;
Lydeard & Mayden, 1995). Monitoring of this nature is an essential tool of conservation
and management programs, allowing for a better understanding of population and
community demographics and trends, as well as determining the efficacy of management
plans (Yoccoz et al. 2001; Nichols & Williams, 2006; Walls, 2014). Exacerbating the
incipient global extinction event is the bias in hotspot designation and allocation of funds
toward terrestrial systems, most notably tropical rainforests (Wilson, 1988; Lydeard &
Mayden, 1995). While these systems undoubtably deserve recognition and protection, it
is necessary that we also account for the extreme diversity found in biodiverse freshwater
ecosystems. Freshwater only encompasses 0.8% of the Earth’s surface, yet 9.5% of all
described animal species hail from freshwater environments, accounting for 33% of
known vertebrate diversity (Balian et al. 2008; Dudgeon et al. 2006; Pintar & Resetarits
Jr, 2020). This is concerning as this limited freshwater also plays a disproportionate role
in the advancement of human societies and the development of nations (Dudgeon et al.
2006). Freshwater habitats provide a rich bounty of ecosystem services, including water
supply for drinking, manufacturing, crop irrigation, and aquaculture, supply of goods
other than water, including fish, waterfowl, and timber, and nonextractive benefits, such
as biodiversity, flood control, transportation, hydroelectric generation, and coastal shore
protection (Poff et al. 2002). As such, it is imperative to maintain the ecosystem services
provided by freshwater habitats while concurrently conserving areas of extreme aquatic
diversity, such as the Southeastern United States (Poff et al. 2002; Lydeard & Mayden,
1995).
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Nestled within the Southeastern United States, Mississippi boasts extreme levels
of aquatic diversity that is a direct function of the high number of drainages with distinct
geologic histories and the diversity of habitats they encapsulate (Jones et al. 2005). The
state boasts the 5th most fish species in the “piscine rainforest” that is the Southeast
United States, as well as the 5th most freshwater mussel species in the country that ranks
first in global mussel diversity (Warren & Burr, 1994; Ross, 2001; Jones et al. 2005). The
extreme aquatic diversity found in the Southeast United States is of special conservation
concern as the losses in aquatic biodiversity currently outpace losses in terrestrial systems
(Sala et al. 2000; Pintar & Resetarits Jr, 2020). Considering that increasingly isolated
freshwater systems have limited capacities to adapt to rapid climatic changes, these
problems are likely to only be exacerbated as climate change accelerates and as the
demand for water for humans grows (Poff et al. 2002).
Turtles are essential aspects of the ecosystems they naturally inhabit, with several
species serving integral roles as keystone species. If trends continue and these animals are
removed from their natural habitats, the repercussions of losing turtle diversity will
degrade ecosystems to a level still widely unknown (TCF, 2002). Studies examining
dynamics of lentic systems have showed that turtles alter water chemistry and natural
processes. Their presence has been found to increase pH, conductivity, sediment
accumulation, and leaf litter decomposition in these systems (Adams et al. 2016; Lindsay
et al. 2013). Turtle activity also increases biogeochemical cycling rates, providing
habitats that boost invertebrate diversity and overall biodiversity (Lindsey et al. 2013). As
to their value in lotic systems, the data indicate that turtles are essential as both prey and
predators. This finding comes from observations of the high consumption of eggs and
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hatchlings by a wide variety of predators, as well as high densities of turtles in riparian
environments (Bodie, 2001).
Considering the myriad perils facing turtles and the innumerable ecosystem
services they provide, it is imperative to identify areas of significant chelonian diversity,
which can allow for the development of conservation strategies. Much like its
pronounced ichthyofaunal and molluscan diversity, the Southeastern United States
possesses extreme freshwater turtle diversity and as such, it has been deemed a Turtle
Priority Area (TPA) based on its impressive richness and abundances (Buhlmann et al.
2009).
The diversity of the Southeastern United States TPA is epitomized by the MobileBay drainage of Alabama (Buhlmann et al. 2009). Just to the west of this drainage lies
Mississippi, which boasts the second highest turtle richness (31 sp.) in the TPA after
Alabama (33 sp.). Of the 31 species found in Mississippi ( ̴ 8.61% of all turtle species),
26 are freshwater species and two species – Graptemys flavimaculata and Graptemys
gibbonsi – are currently recognized as endemic to the state (Selman & Qualls, 2009).
Despite the impressive diversity of freshwater turtles in Mississippi, few surveys have
been carried out to catalog distributions and abundances of non-Graptemys species and to
assess assemblage compositions in the state (Lindeman, 1999; Selman & Qualls, 2009).
As environmental gradients influence the composition of turtle assemblages, our
examination also sought to collect environmental data to illuminate habitat and
microhabitat associations of turtle species within the state (DonnerWright et al. 1999).
Several abiotic and biotic factors have been shown to impact turtle distributions,
including channel width (Shively & Jackson, 1985), emergent vegetation (Buhlmann &
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Vaughan, 1991; Giovanetto, 1992), water velocity (Pluto & Bellis, 1986; Buhlmann &
Vaughan, 1991), and presence of basking sites (Williams & Christiansen, 1981; Shively
& Jackson, 1985; Pluto & Bellis, 1986; Buhlmann & Vaughan, 1991; Fuselier & Edds,
1994; DonnerWright et al. 1999). Additionally, considering the substrate and
microhabitat specific needs of certain turtle species (e.g., Apalone mutica with sandy
substrates and sandbar habitats), these factors were considered in environmental analyses
of turtle assemblage compositions (van Dijk, 2011c). Here we provide the results of the
largest categorical survey of freshwater turtles in Mississippi, covering all major river
drainages (Mississippi [Big Black, Bayou Pierre, Yazoo], Pascagoula, Pearl, Tombigbee)
and associated oxbows.

2.2 Materials & Methods
2.2.1 Study Sites
The goal of this endeavor was to assess freshwater turtle assemblages across all
major river drainages in the state of Mississippi. Lotic sites were defined by the presence
of flowing water, whereas lentic sites were defined by the absence of moving water and
included oxbow lakes as well as mainstem reservoirs. In 2017 and 2019, the Pascagoula
River drainage, which covers 15,607 km2 and represents the largest river system in the
contiguous United States lacking a mainstem impoundment, was surveyed for a total of
1163 total trap nights (TTN) (Dynesius & Nilsson, 1994; United States Army Corps of
Engineers, 1968; Dugo et al. 2004). Twelve lotic sites were sampled (801 TTN) along
with six lentic sites (362 TTN). To the west of the Pascagoula lies the Pearl River
drainage, which covers 22,688 km2, and was sampled for a total of 914 TTN (United
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States Army Corps of Engineers, 1970; Morrow Jr. et al. 1998). Ten lotic sites (669 TTN)
and four lentic sites (245 TTN) were covered in 2018 and 2020. The Tombigbee River,
found in the northeast portion of the state as well as the adjoining northwest Alabama, is
a part of the greater Mobile-Bay Drainage, which constitutes the zenith of turtle diversity
in the Southeast. This 23,051 km2 basin, which historically boasted meandering rivers
and correspondingly high aquatic diversity has been radically transformed into a
homogenous series of dams and pools in the wake of the construction of the TennesseeTombigbee Waterway (Boschung, 1989). Six lotic sites (409 TTN) and five lentic sites
(340 TTN) were surveyed for a total of 749 TTN in 2019.
Lastly, the tributaries to the Mississippi River drainage (Big Black, Bayou Pierre,
and Yazoo) were also surveyed in the western portion of the state. Originating in the
North Central Hills of central Mississippi, the Big Black River is a long and narrow
tributary of the Mississippi that covers 8,680 km2 (Hartfield & Rummel, 1985). Four lotic
sites (276 TTN) were covered in the Big Black River in 2018 and 2020. (United States
Army Corps of Engineers, 1970; Morrow Jr. et al. 1998). South of the Big Black, the
Bayou Pierre represents a system highly threatened by the extensive erosional practices
of the greater Mississippi basin. This tributary drains 2,770 km2 of southwest Mississippi
before terminating in the Mississippi River (Ross et al. 2001). One lotic site (69 TTN)
was surveyed in the Bayou Pierre in 2020. The Big Black sites and Bayou Pierre site
were grouped together for analyses as the lower Mississippi tributaries (Lower MS). The
Yazoo River drainage, split into two roughly equal-sized units (Bluff Hills and
Mississippi Alluvial Plain), constitutes the largest river basin in Mississippi and covers an
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area of 34,600. km2 (Ouyang et al. 2013; Shields Jr. et al. 2009). Fifteen lotic sites (960
TTN) and six lentic sites (388 TTN) were surveyed in 2020 for a total of 1348 TTN.
2.2.1 Turtle Surveys
From 2017-2020, turtles were captured using 16-24 baited hoop nets (90 cm and
120 cm diameters), which were checked daily. The initial number of traps (16) was
increased to 24 as funding became available; after which, hoop nets were deployed for 27 days per site with bait being replaced after 48 hours or as needed. Upon capture, turtles
were measured and weighed before taking a tissue sample (up to 30 individuals/per
species/per site), given a unique identifying marking, and released at the site of capture.
Bait type and environmental variables were also recorded. All turtles were collected
under Mississippi Department of Wildlife, Fisheries, and Parks collection permits
#0421171, #0301182, #0408191, #0406201, #0414211, and # 0408192. Turtle sampling
sites can be seen in Figure 2.1.
2.2.2 Statistical Analyses
Analyses were performed using R Version 3.6.2 and JMP 14.2 with alpha set to
0.05 unless otherwise stated. All maps were created with gQIS 3.10.2. Species richness
was determined by trap captures and basking surveys. Total Catch per unit effort (CPUE)
was determined by the total number of individual turtles captured in hoop nets divided by
TTN per site, while species CPUE was determined by the number of each species
captured in hoop nets divided by TTN per site. To determine the relative catching
successes of individual species in lotic and lentic environments, all captures across the
state were aggregated for species caught more than 30 times and a Wilcoxon Rank Sum
test was used to determine variation. CPUE was used instead of raw count data to
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standardize for trapping effort. Shannon’s Diversity Indices (H) and Shannon’s
Equitability Indices (Eh) were generated for each site as metrics of biodiversity. To
determine temporal variation in catch rates that could reflect activity patterns, CPUE for
species caught greater than 30 times across drainages were divided into Spring (MayJune), Summer (July-August), and Late Summer (L.S.: September-October) and
compared using univariate approaches. Departures from a 1:1 sex ratio were determined
using a χ2 Goodness of Fit test in species caught >18 times in a drainage and included
trap and hand caught turtles.
ANOSIMs and PERMANOVAs using 10,000 permutations were used to assess
the role of drainage in assemblage composition in lotic and lentic environments, followed
by indicator species analyses and SIMPER analyses to determine which species were
indicative of sampling groups and which were driving the dissimilarity between
drainages. All these analyses dealt with functional species concepts to limit the amount
that allopatry and endemism were driving the analyses. Functional groups consisted of
Lotic Sternotherus (Sternotherus carinatus and Sternotherus peltifer), megacephalic
Graptemys (Graptemys pearlensis, Graptemys gibbonsi, Graptemys pulchra),
microcephalic Graptemys (Graptemys oculifera, Graptemys flavimaculata, Graptemys
nigrinoda, Graptemys ouachitensis), and mesocephalic Graptemys (Graptemys
pseudogeographica kohnii).
2.2.3 Environmental Analyses
Taxonomic species were used in the environmental CCAs and all sites within
each drainage were pooled. Substrate was determined (presence/absence of mud, sand,
clay, soapstone, detritus, vegetation [veg], gravel), along with microhabitat within a 10 m
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radius of the trap (logjam, deadwood, root mass, fallen tree, branches, emergent
vegetation [EmergVeg], sandbar, submerged vegetation [SubmergVeg], cypress knees).
Canopy cover was determined via spherical densiometer, with 0-33.3% cover being low
canopy (LowCan), 33.3-66.6% categorized as medium canopy (MedCan), and >66.6%
considered high canopy (HighCan). The flow was categorized as no flow, slow flow,
medium flow (MedFlow), fast flow or eddy flow. Stream width was determined by a
Nikon Laser 800 Rangefinder and categorized into small width (SmWidth: 0-40 m),
medium width (MedWidth: 40-80 m), large width (LgWidth: 80-120 m), and very large
width (VLgWidth: >120 m). Traps were considered to be by shore and by habitat if they
were < 5 m from either and the presence/absence of basking structure (BaskStruct) was
also noted. For each drainage, species that were caught less than 5 times were considered
rare and excluded from the CCA, as were traps that caught no turtles. Community data
was standardized using the Hellinger method before constraining the matrix.
Environmental variables were included in the final CCA model if they were deemed
significant via the Ordistep function (Vegan Package) using iterative procedures working
with model p-values and had a VIF score < 5.
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Figure 2.1 Trap sites for freshwater turtles in lotic and lentic sites from 2017-2020
2.3 Results
2.3.1 Habitat
For the following results, means are given plus or minus one standard deviation.
Across drainages, species richness was shown to be higher in lotic sites (x̄=5.592 +
1.457, n=49) than lentic sites (x̄=3.905 + 1.300, n=21) (Wilcoxon: χ2 = 16.379, df=1,
p<0.001) (Figure 2.2). There was also variation in Shannon’s Diversity Index and
Shannon’s Equitability Index, with lotic sites (H: x̄=1.248 + 0.345, n=49; Eh: x̄=0.732 +
0.134, n=49) having higher diversity indices than lentic sites (H: x̄=0.697 + 0.343, n=21;
Eh: x̄=0.549 + 0.218, n=21) (Wilcoxon[H]: χ2 = 24.159, df=1, p<0.001; Wilcoxon [Eh]: χ2
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= 11.601, df=1, p<0.001) (Figures 2.3 & 2.4). CPUE was not distinct among habitat types
(Lotic: x̄=0.840 + 0.594, n=49; Lentic: x̄=1.223 + 1.222, n=21) (Wilcoxon: χ2 = 0.506,
df=1, p=0.477), with lentic sites displaying a wider range in CPUE (0.083-5.127) than
lotic sites (0.154-2.887) (Figure 2.5).

Figure 2.2 Figure 2.2 Species richness (S) per site in lotic and lentic sites in Mississippi.
The mean is denoted with the bold dot and mean value is presented. The standard
deviation is displayed in parenthesis and by the error bars. Letters represent significant
differences among drainages.
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Figure 2.3 Shannon’s Diversity Index (H) per site in lotic and lentic sites in Mississippi.
The mean is denoted with the bold dot and mean value is presented. The standard
deviation is displayed in parenthesis and by the error bars. Letters represent significant
differences among drainages.

Figure 2.4 Shannon’s Equitability Index (Eh) per site in lotic and lentic sites in
Mississippi. The mean is denoted with the bold dot and mean value is presented. The
standard deviation is displayed in parenthesis and by the error bars. Letters represent
significant differences among drainages.
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Figure 2.5 Catch per unit effort (CPUE) per site in lotic and lentic sites in Mississippi.
The mean is denoted with the bold dot and mean value is presented. The standard
deviation is displayed in parenthesis and by the error bars.

2.3.2 Lotic Sites
There was no significant variation in species richness per site across drainages
(Kruskal-Wallis: χ2 = 8.448, df=4, p=0.077) (Figure 2.6). While not significantly distinct,
the Pascagoula had the highest species richness (x̄=6.500 + 1.243, n=12), followed by the
Tombigbee (x̄=6.167 + 1.472, n=6), the Lower MS, (x̄=5.200 + 0.837, n=5), the Yazoo
(x̄=5.133 + 1.685, n=15), and finally the Pearl (x̄=5.091 + 1.136, n=11).
Shannon’s diversity index varied significantly between drainages (KruskalWallis: χ2 = 10.348, df=4, p=0.035), with post-hoc Wilcoxon-Rank Sum tests showing
the Pascagoula drainage had significantly higher Shannon’s Index (x̄=1.507 + 0.195,
n=12) than the Pearl (x̄=1.231 + 0.279, n=11), Tombigbee (x̄=1.184 + 0.312, n=6) , and
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Yazoo (x̄=1.079 + 0.415, n=15) (Figure 2.7). The Lower MS did not differ significantly
from the other drainages (x̄=1.245 + 0.303, n=5). Variation in Shannon’s equitability
index was also significant (ANOVA: F4,48=3.456, p=0.015) and a Tukey-Kramer HSD
revealed that the Pascagoula displayed higher evenness (x̄=0.816 + 0.076, n=12) than the
Yazoo (x̄=0.665 + 0.159, n=15), while evenness in the Tombigbee (x̄=0.652 + 0.100,
n=6), Pearl (x̄=0.764 + 0.104, n=11), and Lower MS (x̄=0.754 + 0.136, n=5) was not
significantly distinct from other drainages (Figure 2.8).

Figure 2.6 Species richness (S) per site in lotic sites across river drainages. The mean is
denoted with the bold dot and mean value is presented. The standard deviation is
displayed in parenthesis and by the error bars.
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Figure 2.7 Shannon’s Diversity Index (H) per site in lotic sites across river drainages.
The mean is denoted with the blue bar and mean value is presented. The standard
deviation is displayed in parenthesis and by the error bars. Letters represent significant
differences among drainages.

Total CPUE also showed significant variation across drainages (Kruskal-Wallis:
χ2 = 17.140, df=4, p=0.002). Post-hoc Wilcoxon-Rank Sum tests revealed CPUE was
highest in the Yazoo drainage (x̄=1.347 + 0.734, n=15), which showed significantly
greater than CPUE in the Pascagoula (x̄=0.672 + 0.337, n=12) and Pearl (x̄=0.437 +
0.327, n=11). The Tombigbee (x̄=0.786 + 0.354, n=6) and Pascagoula also yielded
significantly higher CPUE than the Pearl. The Tombigbee was not distinct from the
Yazoo nor the Pascagoula. The Lower MS (x̄=0.668 + 0.287, n=5) was again
intermediary and not significantly distinct (Figure 2.9).
Drainage was shown to be a significant determinant of turtle assemblages as
determined by both an ANOSIM (R=0.265, p<0.001) and PERMANOVA (R2=0.309,
F4,48=4.914, p<0.001) using Bray-Curtis dissimilarity and 10,000 permutations.
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PERMANOVA results can be seen in Table 2.1 and the NMDS (stress=0.732, k=3) for
lotic assemblages can be seen in Figure 2.10. Indicator species analysis revealed that
Mesocephalic Graptemys (stat=0.687, p=0.005), M. temminckii (stat=0.605, p=0.040) and
A. mutica (stat=0.597, p=0.025) were indicative of the Lower MS group, Lotic
Sternotherus (stat=0.704, p=0.005) and Megacephalic Graptemys (stat=0.613, p=0.050)
were associated with the Pascagoula group, and C. serpentina (stat=0.522, p=0.045) was
a member of the Tombigbee group. No species were significantly associated with the
Pearl or Yazoo groups (Table 2.2).

Figure 2.8 Shannon’s Equitability Index (Eh) per site in lotic sites across river drainages.
The mean is denoted with the bold dot and mean value is presented. The standard
deviation is displayed in parenthesis and by the error bars. Letters represent significant
differences among drainages.
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Figure 2.9 Catch per unit effort (CPUE) per site in lotic sites across river drainages. The
mean is denoted with the bold dot and mean value is presented. The standard deviation is
displayed in parenthesis and by the error bars. Letters represent significant differences
among drainages.
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Figure 2.10 NMDS ordination of lotic turtle assemblages across Mississippi (k=3)
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Table 2.1
PERMANOVA results of Bray-Curtis dissimilarity of lotic turtle assemblages across
drainages using 10,000 permutations

Table 2.2
Indicator species analysis results of lotic turtle assemblages across drainages

SIMPER analyses were used to determine the species contributing most to BrayCurtis dissimilarity between drainages. Macrochelys temminckii, T. s. elegans, and A.
spinifera were the foremost species responsible for variation among the Tombigbee and
Pascagoula (26.59%, 24.80%, 20.78% contribution to dissimilarity, respectively), and
between the Lower MS and Yazoo (35.10%, 30.95%, 14.57% contribution to
dissimilarity, respectively). When comparing the Tombigbee and Lower MS, M.
temminckii (34.70%), A. spinifera (20.19%), and T. s. elegans (19.19%) contributed the
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most to the dissimilarity among assemblages. These species were also most contributive
in the dissimilarity between the Tombigbee and Pearl (M. temminckii: 28.90%, A.
spinifera: 26.68%, T. s. elegans: 23.59%). Apalone spinifera (26.16%), T. s. elegans
(24.54%), and M. temminckii (22.52%) drove the dissimilarity between the Tombigbee
and Yazoo drainages. When comparing the Gulf drainages (Pearl and Pascagoula), it was
again these three species accounting for the dissimilarity but with T. s. elegans (28.41%)
being most influential, followed by A. spinifera (20.09%), and M. temminckii (20.06%).
Trachemys scripta elegans was also most contributive to the disparity between the
Pascagoula and Yazoo (28.25%) with M. temminckii (22.43%) and A. spinifera (15.29%)
trailing. This pattern was again reflected in the comparison between the Pearl and Yazoo
(T. s. elegans: 28.80%, M. temminckii: 26.91%, A. spinifera: 14.52%) and the Pearl and
Lower MS (T. s. elegans: 25.34%, M. temminckii: 22.63%, A. spinifera: 12.13%). When
comparing assemblages from the Pascagoula and Lower MS, M. temminckii (24.99%)
was again the most influential and then lotic Sternotherus (14.77%) and A. spinifera
(13.72%).
2.3.3 Lentic Sites
Unlike the lotic sites, there was significant variation in species richness per site
across drainages (ANOVA: F3,20=4.010, p=0.025). Post-hoc Wilcoxon-Rank Sum tests
revealed that lentic sites in the Tombigbee had higher species richness (x̄=5.200 + 0.837,
n=5) than the Yazoo (x̄=3.000 + 1.095, n=6). There was no significant variation among
the Pascagoula (x̄=4.000 + 1.095, n=6), Pearl (x̄=3.500 + 1.291, n=4), and the
Tombigbee and Yazoo sites (Figure 2.11).
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Shannon’s diversity index was highest in lentic sites from the Pearl (x̄=0.917 +
0.343, n=4), followed by the Tombigbee (x̄=0.837 + 0.396, n=5), Pascagoula (x̄=0.648 +
0.151, n=6), and Yazoo (x̄=0.482 + 0.367, n=6); however, the differences were not
deemed significant (ANOVA: F3,20=1.864, p=0.174) (Figure 2.12). Shannon’s
equitability index followed the same pattern, with the Pearl (x̄=0.780 + 0.194, n=4),
Tombigbee (x̄=0.512 + 0.233, n=5), Pascagoula (x̄=0.496 + 0.165, n=6), and finally the
Yazoo (x̄=0.464 + 0.203, n=5), showing no significant variation (ANOVA: F3,20=2.310,
p=0.115) (Figure 2.13).

Figure 2.11 Species richness (S) per site in lentic sites across river drainages. The mean
is denoted with the bold dot and mean value is presented. The standard deviation is
displayed in parenthesis and by the error bars. Letters represent significant differences
among drainages.
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Figure 2.12 Shannon’s Diversity Index (H) per site in lentic sites across river drainages.
The mean is denoted with the bold dot and mean value is presented. The standard
deviation is displayed in parenthesis and by the error bars.

Figure 2.13 Shannon’s Equitability Index (Eh) per site in lentic sites across river
drainages. The mean is denoted with the bold dot and mean value is presented. The
standard deviation is displayed in parenthesis and by the error bars.
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Total CPUE also showed no significant variation in lentic sites across drainages
(Kruskal-Wallis: χ2 = 3.925, df=3, p=0.270), with CPUE being highest in the Yazoo
(x̄=1.727 + 1.782, n=6), followed by the Tombigbee (x̄=1.525 + 1.061, n=5), Pascagoula
(x̄=1.007 + 0.943, n=6), and lastly the Pearl (x̄=0.419 + 0.254, n=4) (Figure 2.14).
Geographic variation in univariate metrics across habitat types can be seen in Figure 2.15
(S), Figure 2.16 (H), Figure 2.17 (Eh), and Figure 2.18 (CPUE).
Drainage was not deemed a significant determinant of Bray-Curtis dissimilarity in
lentic assemblages as determined by an ANOSIM (R=0.028, p=0.294) and
PERMANOVA (R2=0.105, F=0.661, p=0.626). PERMANOVA results can be seen in
Table 2.3. Assemblage data can be visualized in the NMDS of lentic assemblages (Figure
2.19: stress=0.017, k=3). Chelydra serpentina was significantly associated with the
Tombigbee group (stat=0.795, p=0.005), while mesocephalic Graptemys was indicative
of the Yazoo group (stat=0.816, p=0.020). A SIMPER analysis revealed that T. s.
elegans, M. temminckii, and lotic Sternotherus were the foremost drivers of dissimilarity
between the Pearl and Yazoo (41.07%, 39.53%, 11.12% contribution to dissimilarity,
respectively), the Pearl and Tombigbee (38.73%, 30.47%, 12.72%, respectively), and the
Pearl and Pascagoula (44.56%, 33.28%, 14.60%, respectively). Trachemys scripta
elegans and M. temminckii also contributed the most to dissimilarity between the
Tombigbee and Yazoo (40.69% and 40.32%, respectively) and between the Pascagoula
and Tombigbee (40.22% and 29.94%, respectively), but in these comparisons,
microcephalic Graptemys was third most contributory, accounting for 7.20% of the
dissimilarity between the Tombigbee and Yazoo and 9.05% of the dissimilarity between
the Pascagoula and Tombigbee. Lastly, in the assessment of lentic assemblage
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dissimilarity between the Pascagoula and Yazoo, M. temminckii (43.52%), T. s. elegans
(43.19%), and lotic Sternotherus (5.63%) were most causative.

Figure 2.14 Total catch per unit effort (CPUE) per site in lentic sites across river
drainages. The mean is denoted with the bold dot and mean value is presented. The
standard deviation is displayed in parenthesis and by the error bars.
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Figure 2.15 Geographic variation in species richness per site in lotic and lentic
environments
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Figure 2.16 Geographic variation in Shannon’s Diversity Index per site in lotic and lentic
environments
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Figure 2.17 Geographic variation in Shannon’s Equitability Index per site in lotic and
lentic environments
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Figure 2.18 Geographic variation in CPUE per site in lotic and lentic environments
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Table 2.3
PERMANOVA results of Bray-Curtis dissimilarity of lentic turtle assemblages across
drainages using 10,000 permutations

Figure 2.19 NMDS ordination of Bray-Curtis dissimilarity of lentic turtle assemblages
across Mississippi (k=3)
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2.3.4 Species Accounts
Catch per unit effort across sites for all species can be seen in Table 2.4
(Pascagoula Drainage), Table 2. 5 (Pearl Drainage), Table 2. 6 (Tombigbee Drainage),
Table 2.7 (Yazoo Drainage), and Table 2.8 (Lower MS river system).

Table 2.4
CPUE of all turtle species caught in the Pascagoula River drainage in lotic and lentic
sites

Lotic
Sites

Lentic
Sites

Site

A. m.

UBO
UCH

0
0.06

LCH

A. s.

C. s.

G. f.

G. g.

M. t.

S. p.

T. s. e.

0.18
0.45

0
0

0
0

0.02
0.20

0.08
0.18

0.16
0.14

0.08
0.08

0.01
0

0.02
0

0.05
0.49

0.02

0.15

0

0

0.04

0.23

0.06

0

0

0

0.04

MCH

0.03

0.35

0

0.02

0.13

0.29

ULF

0.03

0.23

0

0

0.05

0.09

0.05

0.02

0

0

0.05

0.01

0.08

0

0

0.03

MLF

0.02

0.05

0

0

0.11

ESC

0

0.10

0

0

0

0.19

0.05

0.10

0

0

0.02

0.19

0.03

0.14

0

0

0.07

WIL

0

0.21

0

0.01

BLK

0.01

0.16

0

0

0.06

0.40

0.03

0.01

0

0

0.09

0.01

0.28

0.01

0.03

0

0

0.01

RED

0

0.16

0

VAN

0

0.03

0

0

0.01

0.13

0.01

0.12

0

0

0

0.03

0.03

0.12

0.01

0.03

0

0

0.06

HUR

0

0.26

0

0

0

0.21

0.01

0.21

0

0

0

WDG
RHY

0
0

0.08
0

0
0

0
0

0
0

0.08
0.18

0
0.03

0
0.02

0
0

0
0

0.61
0.71

PAS

0

PIE

0

0.01

0

0

0

0.07

0

0

0.01

0

0.28

0

0.02

0

0

0.14

0.20

0.05

0.02

0

2.43

CDT
MUR

0

0.02

0

0

0

0.19

0

0.07

0

0

0

0

0.02

0

0

0

0.02

0

0

0.03

0

0.75
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P. c.

S. c.

S. o.

Table 2.5
CPUE of all turtle species caught in the Pearl River drainage in lotic and lentic sites

Site

Lotic
Sites

Lentic
Sites

A. s.

C. s.

G. o.

G. p.

M. t.

P. c.

S. c.

S. o.

T. s. e.

CTH

0.08

0

0.02

0.02

0.08

0

0.03

0

0.03

PHI

0.01

0.01

0

0.01

0.03

0.03

0.01

0

0.18

COL

0.03

0

0

0.05

0.09

0.02

0.02

0

0

CLB

0.02

0

0

0

0.11

0

0.03

0

0

ATW

0.04

0

0

0.02

0.11

0.02

0.02

0

0

BGC

0.01

0

0

0.03

0.12

0.01

0.12

0

0.04

BOG

0.03

0

0

0

0.12

0.04

0.06

0

0.79

STN

0.11

0

0

0

0.20

0.02

0

0

0.16

WLK

0

0

0

0.02

0.13

0

0.02

0

0.20

GEO

0.07

0

0

0.01

0.19

0.03

0.06

0

0.15

STR

0.16

0

0

0.02

0.32

0

0.05

0

0.55

RBN

0.02

0

0

0

0.14

0.02

0.09

0

0

RBS

0

0

0

0

0.08

0

0

0

0.08

LFL

0.05

0.06

0

0

0

0

0

0

0.56

CRY

0.18

0

0

0

0.11

0

0.05

0.02

0.24

Table 2.6
CPUE of all turtle species caught in the Tombigbee River drainage in lotic and lentic
sites

Lotic
Sites

Lentic
Sites

Site

A.m.

A. s.

C. s.

G. n.

G. pu.

TIB

0

0.25

0.01

0.03

0.12

0.04

0.03

0

0.04

0.07

LTB

0

0.43

0.01

0.07

0.03

0

0

0

0.01

0

TOM

0.04

0.48

0

0.07

0.03

0.01

0.08

0

0.03

0.62

BUT

0

0.01

0

0

0.06

0.01

0

0

0.03

0.25

PEP

0

0.46

0.03

0

0

0

0.01

0

0.06

0.29

EFO

0

0.45

0

0.04

0.04

0

0.01

0

0.01

0.39

CMP

0

0.35

0.01

0.06

0.06

0.10

0

0

0

0.81

ABE

0

0.38

0.06

0

0.03

0.06

0.04

0

0

2.44

BUL

0

0.03

0.06

0

0

0.01

0

0

0.07

1.45

FUL

0

0.08

0.20

0

0

0

0.02

0.02

0

2.72

CBS

0

0.15

0

0.01

0

0.03

0

0

0

0.22
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M. t.

P. c.

S. o.

S. p.

T. s. e.

Table 2.7
CPUE of all turtle species caught in the Yazoo River drainage in lotic and lentic sites

Lotic
Sites

Lentic
Sites

Site

A. m.

A. s.

C. d.

C. s.

G. ou.

G. p. k.

M. t.

P. c.

S. o.

T. s. e.

SUN

0

0

0

0

0

0.02

0.06

0

0

0.11

GRM

0

0.16

0

0.04

0

0.01

0

0

0.01

0.28

CLD

0.13

0.62

0

0.01

0.06

0.09

0.06

0.01

0

0.07

PNT

0

0.06

0

0

0

0

0.56

0

0.01

0

GRN

0.01

0.15

0

0

0.04

0.03

0.35

0

0

0.46

RDW

0.02

0.17

0

0

0.12

0.23

0.29

0.08

0

0.65

BLZ

0.01

0.23

0

0

0.15

0.21

0.31

0

0

0.10

PRK

0

0.09

0

0

0

0

0.89

0

0

0

IND

0

0.24

0

0

0

0.08

0.11

0.06

0

2.39

WEB

0.10

0.74

0

0

0.03

0.16

0.17

0.01

0

0.52

ARK

0

0.92

0.01

0.04

0

0

0

0.38

0

0.88

CMP

0

0.63

0

0

0

0.13

0.23

0.06

0

0.76

SKN

0

0.27

0

0

0

0.04

0.42

0

0

1.57

DLT

0

0.08

0

0

0

0.17

0

0.04

0

0.98

YAZ

0

0.02

0

0

0.09

0.04

0.59

0.02

0

0.26

WLF

0

0.52

0

0

0

0.04

0.19

0

0

0.62

MTB

0

0

0

0

0

0

0.08

0

0

0

MST

0

0.10

0

0

0

0.01

0

0

0

1.36

EGL

0

0.07

0

0

0

0

0.44

0

0

0.01

MNT

0

0.09

0

0

0

0.09

0.07

0

0

1.53

CHO

0

0

0

0

0.21

0.34

0

0

0

4.58

Table 2.8
CPUE of all turtle species caught in the Lower MS river system in lotic sites

Site

Lotic
Sites

A.m.

A. s.

G. ou.

G. p. k.

M. t.

P. c.

T. s. e.

BNT

0.12

0.28

0.01

0.14

0.48

0

0.09

VGN

0.06

0.18

0

0.12

0.26

0.01

0.03

GDM

0.10

0.10

0

0.03

0.19

0

0.19

MOR

0

0.07

0

0.01

0.21

0

0.01

BPR

0

0.06

0.03

0.03

0.46

0

0.06
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2.3.4.2 Apalone mutica (Smooth Softshell Turtle)
Apalone mutica was infrequently captured throughout the survey. This species
was absent from the Pearl surveys and in low abundances in lotic sites from the Lower
MS, Pascagoula, Tombigbee, and Yazoo drainages. No A. mutica were detected from
lentic sites. Of the drainages in which A. mutica was detected, there was no significant
variation among them in CPUE (Kruskal-Wallis: χ2 = 3.803, df=3, p=0.284), but it was
highest in the Lower MS (x̄=0.055 + 0.055, n=5), followed by the Yazoo (x̄=0.019 +
0.41, n=15), the Pascagoula (x̄=0.014 + 0.019, n=12), and the Tombigbee (x̄=0.007 +
0.018, n=6). Only one male A. mutica was caught over the duration of four years
(Tombigbee drainage). There was also no significant variation in relative abundance
(RA) in drainages where A. mutica was captured, but RA followed the same pattern as
CPUE being highest in the Lower MS (x̄=0.072 + 0.072, n=5), then the Yazoo (x̄=0.023
+ 0.047, n=15), Pascagoula (x̄=0.018 + 0.020, n=12), and Tombigbee (x̄=0.005 + 0.013,
n=6) (Kruskal-Wallis: χ2 = 4.151 df=3, p=0.246).
2.3.4.3 Apalone spinifera (Spiny Softshell Turtle)
Apalone spinifera was a ubiquitous species in lotic and lentic sites from each
drainage. In lotic environments there was significant variation across drainages in CPUE
(Kruskal-Wallis: χ2 = 15.067, df=4, p=0.005). Post-hoc Wilcoxon-Rank Sum tests
revealed significantly higher A. spinifera CPUE in the Tombigbee (x̄=0.349 + 0.185,
n=6), Yazoo (x̄=0.292 + 0.289, n=15), and Pascagoula (x̄=0.194 + 0.119, n=12), than the
Pearl (x̄=0.051 + 0.049, n=11). The Lower MS was not significantly distinct from other
drainages (x̄=0.137. + 0.090, n=5). Relative abundance of A. spinifera showed significant
variation among lotic sites, being more abundant in the Tombigbee (x̄=0.431 + 0.238,
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n=6) than the Yazoo (x̄=0.202 + 0.174, n=15) and Pearl (x̄=0.136 + 0.108, n=11), with
the Pascagoula (x̄=0.280 + 0.111, n=12) and Lower MS (x̄=0.200 + 0.071, n=5) not being
distinct from other drainages (ANOVA: F1,4=4.302, p=0.005).
Catch rates for A. spinifera were lower in lentic sites in each basin aside from the
Pearl Drainage. There was no significant variation among drainages for CPUE in lentic
sites (Kruskal-Wallis: χ2 = 5.819, df=3, p=0.121). Catch rates were again highest in the
Tombigbee (x̄=0.196 + 0.158, n=5) and followed by the Yazoo (x̄=0.130 + 0.196, n=6),
but CPUE was next highest in lentic sites from the Pearl (x̄=0.064 + 0.082, n=4) and
lowest in the Pascagoula (x̄=0.022 + 0.030, n=6). CPUE in lotic environments across the
state (x̄=0.205 + 0.208, n=49) was significantly higher than CPUE in lentic
environments (x̄=0.102 + 0.143, n=21) (Wilcoxon: χ2 = 6.876, df=1, p=0.009). There was
no temporal variation in CPUE across seasons (Kruskal-Wallis: χ2 = 0.803 df=2,
p=0.670). Sex ratios in each drainage were female skewed and deviated from a 1:1 ratio
in the Pascagoula ( 5.4 females:1 male: χ2 = 77.491, df=1, p<0.001), Pearl (1.5 females:1
male; χ2 = 24.020 df=1, p<0.001), Tombigbee (1.76:1 male; χ2 = 16.019, df=1, p<0.001),
Lower MS (4 females:1 male; χ2 = 18.000 df=1, p<0.001), and Yazoo (1.81 females:1
male; χ2 = 29.063, df=1, p<0.001).
2.3.4.4 Chelydra serpentina (Common Snapping Turtle)
Chelydra serpentina represented low abundances in both lotic and lentic sites. No
C. serpentina were caught in lotic sites in the Lower MS or Pascagoula, and CPUE was
low in the Tombigbee (x̄=0.010 + 0.012, n=6), Yazoo (x̄=0.006 + 0.014, n=15), and Pearl
(x̄=0.001 + 0.004, n=11). Relative abundance for C. serpentina was also low across lotic
sites in the Yazoo (x̄=0.007 + 0.021, n=15), Tombigbee (x̄=0.014 + 0.016, n=6), and
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Pearl (x̄=0.005 + 0.015, n=11), showing no variation among drainages (Kruskal-Wallis:
χ2 = 3.528, df=2, p=0.171). As for lentic sites, no C. serpentina were caught within the
Yazoo drainage, and again constituted low CPUE across drainages, with the highest
CPUE in the Tombigbee (x̄=0.066 + 0.079, n=5), followed by the Pearl (x̄=0.015 +
0.029, n=4) and the Pascagoula (x̄=0.003 + 0.007, n=6). There was no significant
difference between statewide CPUE in lotic environments (x̄=0.003 + 0.010, n=49) and
lentic environments (x̄=0.019 + 0.046, n=21) (Wilcoxon: χ2 = 2.579, df=1, p=0.110).
There was temporal variation in catch rates with CPUE higher in the Spring (x̄=0.010 +
0.019, n=30) than the Summer (x̄=0.008 + 0.039, n=27), with the L.S. not being distinct
from other seasons (x̄=0.003 + 0.012, n=13) (Kruskal-Wallis: χ2 = 6.615, df=2, p=0.037).
The only drainage with >18 C. serpentina was the Tombigbee, which showed no
deviation from a 1:1 sex ratio (1.17 males:1 female; χ2 = 0.154, df=1, p=0.695).
2.3.4.5 Macrochelys temminckii (Alligator Snapping Turtle)
Macrochelys temminckii was another abundant species in our surveys and was
found in lotic and lentic sites with high CPUE across the state, with the exception of the
Tombigbee Drainage where it displayed low catch rates. There was significant variation
in CPUE from lotic sites (Kruskal-Wallis: χ2 = 16.208, df=4, p=0.003) with significantly
higher M. temminckii CPUE in the Lower MS (x̄=0.322 + 0.139, n=5), Yazoo (x̄=0.269 +
0.261, n=15), Pascagoula (x̄=0.200 + 0.091, n=12), and Pearl (x̄=0.136 + 0.077, n=11)
than the Tombigbee (x̄=0.017 + 0.017, n=6) (Tukey HSD). Relative abundances were
also significantly lower in lotic sites within the Tombigbee (x̄=0.021 + 0.030, n=6) than
those from the Lower MS (x̄=0.509 + 0.184, n=5), Pearl (x̄=0.376 + 0.182, n=11),
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Pascagoula (x̄=0.323 + 0.130, n=12), and Yazoo (x̄=0.267 + 0.301, n=15) (KruskalWallis: χ2 = 18.638, df=4, p=0.001).
In lentic sites, there was no significant variation in CPUE between drainages
(Kruskal-Wallis: χ2 = 2.811, df=3, p=0.422). Lentic sites in the Yazoo yielded the highest
CPUE (x̄=0.132 + 0.168, n=6), trailed by the Pascagoula (x̄=0.114 + 0.070, n=6), the
Pearl (x̄=0.080 + 0.059, n=4), and ultimately the Tombigbee (x̄=0.041 + 0.040, n=5).
Statewide CPUE in lotic environments (x̄=0.196. + 0.182, n=49) was higher than CPUE
in lentic environments (x̄=0.095 + 0.102, n=21) (Wilcoxon: : χ2 = 6.524, df=1, p=0.011).
There was seasonal variation in catch rates with CPUE being higher in Summer (x̄=0.219
+ 0.199, n=27) than in Spring (x̄=0.105 + 0.112, n=30), with L.S. (x̄=0.195 + 0.171,
n=13) not being distinct from other seasons (Kruskal-Wallis: χ2 = 8.416, df=2, p=0.015).
Sex ratios only deviated from a 1:1 ratio in the Pascagoula drainage (1.55 females:1 male,
χ2 = 3.860, df=1, p=0.049).
2.3.4.6 Pseudemys concinna (River Cooter)
As herbivores, P. concinna did not often go to bait, but was more frequently
caught in lotic systems due to their preference for medium-large rivers with submerged
vegetation (van Dijk. 2011o). In these systems, there was significant variation in CPUE
(Kruskal-Wallis: χ2 = 9.892, df=4, p=0.042), with a post-hoc Wilcoxon Rank Sum test
revealing significantly higher P. concinna CPUE in the Pascagoula (x̄=0.049 + 0.050,
n=12) than the Lower MS (x̄=0.003 + 0.007, n=5). CPUE in the Tombigbee (x̄=0.022 +
0.028, n=6), Yazoo (x̄=0.044 + 0.095, n=15), and Pearl (x̄=0.015 + 0.015, n=11) was not
significantly distinct from other drainages. Relative abundances also varied among
drainages, being higher in the Pascagoula (x̄=0.071 + 0.066, n=12) than the Yazoo
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(x̄=0.023 + 0.043, n=15), Tombigbee (x̄=0.022 + 0.024, n=6), and Lower MS (x̄=0.004 +
0.010, n=5), with the Pearl not being distinct in this regard (x̄=0.042 + 0.039, n=11)
(Kruskal-Wallis: χ2 = 15.143, df=4, p=0.004).
No P. concinna were recorded from lentic environments in the Yazoo and
constituted low catch rates in the Pascagoula (x̄=0.038 + 0.079, n=6), Tombigbee
(x̄=0.012 + 0.019, n=5), and Pearl (x̄=0.004 + 0.009, n=4). Statewide CPUE was higher
in lotic environments (x̄=0.032 + 0.060, n=49) than in lentic environments (x̄=0.001 +
0.043, n=21) (Wilcoxon: χ2 = 7.088, df=1, p=0.008). There was no seasonal variation in
CPUE (Kruskal-Wallis χ2 = 1.799, df=2, p=0.407). Sex ratios for P. concinna did not
deviate from a 1:1 ratio in the Pearl (1.22 females:1 male; χ2 = 0.200, df=1, p=0.655) or
Pascagoula (1.86 females:1 male; χ2 = 2.769, df=1, p=0.096), but was male skewed in the
Yazoo (2.21 males:1 female; χ2 = 6.422, df=1, p=0.011).
2.3.4.7 Sternotherus carinatus (Razorback Musk Turtle)
Sternotherus carinatus was absent from the Tombigbee, Lower MS, and Yazoo
drainages, but was the dominant lotic Sternotherus in the Pearl and Pascagoula drainages.
This species was more frequently encountered in lotic environments but was also found
in lentic environments, with CPUE in habitat types approaching a significant difference
(Wilcoxon: χ2 = 3.353, df=1, p=0.067). In lotic environments, there was no significant
variation among CPUE in the Pearl (x̄=0.038 + 0.032, n=11) and Pascagoula (x̄=0.075 +
0.061, n=12) (Wilcoxon: χ2 = 1.756, df=1, p=0.185) or in relative abundance (Pascagoula:
x̄=0.128 + 0.107, n=12; Pearl: x̄=0.106 + 0.096, n=11) (Wilcoxon: χ2 = 0.115, df=1,
p=0.735). There was also no significant variation in CPUE from lentic sites (Wilcoxon: :
χ2 = 0.052, df=1, p=0.910), with low CPUE from the Pearl (x̄=0.033 + 0.041, n=4) and
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the Pascagoula (x̄=0.023 + 0.031, n=6). There was no temporal variation in CPUE for S.
carinatus across seasons (Kruskal-Wallis: χ2 = 4.336, df=2, p=0.114). The sex ratio was
significantly male skewed in the Pearl (1.87 males:1 female; χ2 = 3.930, df=1, p=0.047),
but not in the Pascagoula (1.3 males: 1 female; χ2 = 1.565, df=1, p=0.211).
2.3.4.8 Sternotherus odoratus (Common Musk Turtle)
While S. odoratus is a widespread species found in a variety of habitats, it was an
infrequently captured species due to the sampling methodology; however, it was detected
in each drainage other than the Lower MS. A total of 12 individuals were captured over
the course of the survey (7 females and 5 males), coming from lotic environments in the
Yazoo, Pascagoula, and Pearl and lentic sites from the Tombigbee, Pascagoula, and
Pearl.
2.3.4.9 Sternotherus peltifer (Stripe-necked Musk Turtle)
Sternotherus peltifer was the dominant lotic Sternotherus in the Tombigbee
drainage, captured extremely rarely in the Pascagoula (two individuals), and absent from
the Pearl, Lower MS, and Yazoo. While this species occupies the Pearl and Pascagoula
drainages, habitat partitioning with S. carinatus forces S. peltifer into smaller creeks
when in sympatry, which were not surveyed in this examination (Brown, pers. comm.). In
allopatry with S. carinatus, S. peltifer occupies more mainstem habitat in the Tombigbee
drainage and was captured in both lotic systems (CPUE: x̄=0.032 + 0.017, n=6; RA:
x̄=0.047 + 0.029, n=6) and lentic backwaters (CPUE: x̄=0.014 + 0.032, n=5). This was
reflected in the higher relative abundance of S. peltifer in lotic sites from the Tombigbee
(x̄=0.047 + 0.029, n=6) than Pascagoula (x̄=0.003 + 0.010, n=12) (Wilcoxon: χ2 = 12.359,
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df=1, p=<0.001).The sex ratio in the Tombigbee did not deviate from a 1:1 ratio (1.57
females:1 male; χ2 = 0.889, df=1, p=0.346).
2.3.4.10 Trachemys scripta elegans (Red-eared Slider)
By far the most numerous turtle species captured in the survey, 2,313 T. s. elegans
were caught across all drainages and habitat types. There was significant variation in
CPUE in lotic sites, with the Yazoo having higher CPUE (x̄=0.601 + 0.661, n=15) than
the Pearl (x̄=0.177 + 0.260, n=11), Pascagoula (x̄=0.076 + 0.133, n=12), and Lower MS
(x̄=0.075 + 0.069, n=5) (Kruskal-Wallis: χ2 = 11.764, df=4, p=0.019). The Tombigbee
was not significantly distinct from other drainages in T. s. elegans CPUE (x̄=0.271 +
0.223, n=6). As for relative abundances in lotic sites, a Kruskal-Wallis Rank Sum test
revealed that the variation between drainages approached significance, with the Yazoo
having highest RA (x̄=0.388 + 0.269, n=15), followed by the Tombigbee (x̄=0.334 +
0.243, n=6), Pearl (x̄=0.271 + 0.279, n=11), Lower MS (x̄=0.114 + 0.111, n=5), and
ultimately the Pascagoula (x̄=0.088 + 0.088, n=12) (Kruskal-Wallis: χ2 = 9.318, df=4,
p=0.054).
There was no significant variation in CPUE in lentic sites, but CPUE was again
highest in the Yazoo (x̄=1.350 + 1.708, n=6), followed by the Tombigbee (x̄=1.161 +
1.032, n=5), Pascagoula (x̄=0.797 + 0.849, n=6), and finally the Pearl (x̄=0.219 + 0.248,
n=4) (Kruskal-Wallis: χ2 = 2.727, df=4, p=0.436). Statewide CPUE in lentic
environments (x̄=0.932 + 1.142, n=21) was higher than CPUE in lotic environments
(x̄=0.283 + 448, n=49) (Wilcoxon: χ2 = 5.890, df=1, p=0.015). There was no seasonal
variation in CPUE for T. s. elegans (Kruskal-Wallis: χ2 = 1.129, df=2, p=0.569). Sex
ratios for T. s. elegans across habitat types did not deviate from a 1:1 ratio in the Pearl
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(1.12 females:1 male; χ2 = 0.575, df=1, p=0.448), Pascagoula (1.1 females:1 male; χ2 =
1.013, df=1, p=0.314), and Lower MS (1 female:1 male; χ2 = 0, df=1, p=1), but were
male skewed in the Tombigbee (1.67 males:1 female; χ2 = 24.807, df=1, p<0.001) and
Yazoo (1.96 males:1 female; χ2 = 119.750, df=1, p<0.001).
2.3.4.11 Graptemys
Map turtles and sawbacks (Genus: Graptemys) often constituted the dominant
species observed basking, but due to dietary preference were not commonly trapped in
our surveys. This genus is renowned for its endemism, with each drainage in Mississippi
containing one unique microcephalic species and one mesocephalic or megacephalic
species.
2.3.4.11.1 Pascagoula River Drainage Graptemys
Mississippi’s only endemic turtle species (G. flavimaculata and G. gibbonsi) hail
from the Pascagoula River drainage. The microcephalic yellow-blotched sawback (G.
flavimaculata) was only captured in lotic systems but was present in oxbows as verified
by basking surveys. Across lotic sites, this species had low catch rates (CPUE: x̄=0.005 +
0.010, n=12) and constituted low RA of trap captures (x̄=0.011 + 0.027, n=12), but was
the third most prevalent species in basking surveys (after G. gibbonsi and P. concinna)
from the drainage. The megacephalic Pascagoula Map Turtle (G. gibbonsi) was more
frequently captured than its microcephalic counterpart (CPUE: x̄=0.056 + 0.062, n=12)
(Wilcoxon: χ2 = 9.596, df=1, p=0.002) and represented higher RA (x̄=0.076 + 0.063,
n=12) (Wilcoxon: χ2 = 9.781, df=1, p=0.002). This was also the numerically dominant
species from basking surveys within the Pascagoula. Graptemys gibbonsi displayed a
female skewed sex ratio (2.42 females:1 male; χ2 = 7.049, df=1, p=0.008).
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2.3.4.11.2 Pearl River Drainage Graptemys
In the Pearl River drainage, there is the microcephalic Graptemys oculifera,
which was only captured once and thus constituted extremely low CPUE (x̄=0.001 +
0.005, n=11) and RA (x̄=0.006 + 0.019, n=11) from lotic sites in the Pearl. However, this
species was by and large the most frequently encountered basking species and had
significantly higher abundance/river km than the next most observed basking turtle
(Graptemys pearlensis) (Wilcoxon: χ2 = 4.178, df=1, p=0.041). While the megacephalic
G. pearlensis was not as prevalent in basking surveys, it had higher CPUE (x̄=0.017 +
0.019, n=11) (Wilcoxon: χ2 = 8.702, df=1, p=0.003) and higher RA (x̄=0.058 + 0.067,
n=11) (Wilcoxon: χ2 = 7.843 df=1, p=0.006). Graptemys pearlensis did not deviate from
a 1:1 sex ratio (1.55 females:1 male; χ2 = 1.087, df=1, p=0.297).
2.3.4.11.3 Tombigbee River Drainage Graptemys
Both the microcephalic Graptemys nigrinoda and megacephalic Graptemys
pulchra were infrequently captured and represent low RA but were present in both lotic
and lentic sites (i.e., reservoirs in mainstem Tombigbee). In lotic sites, G. nigrinoda had
low CPUE (x̄=0.037 + 0.033, n=6) and low RA (x̄=0.047 + 0.048, n=6). These were not
distinct from CPUE of G. pulchra (x̄=0.046 + 0.039, n=6) (2-tailed T-test: t=0.457,
p=0.658) or RA (x̄=0.079 + 0.079, n=6) (2-tailed T-test: t=0.859, p=0.415). These species
were again the most frequently observed in basking surveys of lotic environments, with
G. nigrinoda representing the most individuals/river km (x̄=2.583 + 1.659, n=5),
followed by G. pulchra (x̄=0.717 + 0.569, n=5), but the difference between the species
was not significant (2-tailed T-test: t=2.379, p=0.064). There was no deviation from a 1:1
sex ratio in G. pulchra (1.22 females:1 male; χ2 = 0.200, df=1, p=0.655).
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In mainstem reservoirs, CPUE was low for both species (G. nigrinoda: x̄=0.015 +
0.025, n=6; G. pulchra: x̄=0.017 + 0.026, n=6) and was not significantly different (2tailed T-test: t=0.177, p=0.864). RA was also low (G. nigrinoda: x̄=0.028 + 0.038, n=6;
G. pulchra: x̄=0.017 + 0.032, n=6) and not distinct between species (Wilcoxon: χ2 =
0.014, df=1, p=0.906).
2.3.4.11.4 Mississippi River Drainage (Yazoo and Lower MS) Graptemys
In the Yazoo, the mesocephalic Graptemys pseudogeographica kohnii was more
prevalent in terms of trap captures and basking surveys than the microcephalic
Graptemys ouachitensis. In lotic sites, CPUE was significantly higher in G. p. kohnii
(x̄=0.081+ 0.079, n=15) than G. ouachitensis (x̄=0.033 + 0.050, n=15) (Wilcoxon: χ2 =
4.233, df=1, p=0.040). RA was also higher for G. p. kohnii (x̄=0.065 + 0.061, n=15) than
for G. ouachitensis (x̄=0.028 + 0.044, n=15) (Wilcoxon: χ2 = 4.411, df=1, p=0.036).
Basking surveys also detected significantly more G. p. kohnii/river km (x̄=1.210 + 2.059,
n=15) than G. ouachitensis (x̄=0.159 + 0.560, n=15) (Wilcoxon: χ2 = 12.561, df=1,
p<0.001).
Both species were also captured in lentic environments at comparable CPUE to
lotic sites (G. p. kohnii: (x̄=0.080 + 0.131, n=6; G. ouachitensis: x̄=0.035 + 0.086, n=6),
and the difference was not significant (Wilcoxon: χ2 = 2.041, df=1, p=0.153). RA for
lentic sites for G. p. kohnii (x̄=0.026 + 0.027, n=6) and G. ouachitensis (x̄=0.007 + 0.017,
n=6) were not distinct (Wilcoxon: χ2 = 2.583, df=1, p=0.108).
In the Lower MS, G. p. kohnii (CPUE: (x̄=0.067 + 0.060, n=5) was again
captured more frequently than G. ouachitensis (x̄=0.009 + 0.013, n=5) (Wilcoxon: χ2 =
4.139, df=1, p=0.042) and represented a larger proportion of RA (G. p. kohnii: x̄=0.089 +
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0.061, n=5; G. ouachitensis: x̄=0.012 + 0.020, n=5) (Wilcoxon: χ2 = 6.065, df=1,
p=0.014). Graptemys were only identified to species level in 2020 basking surveys,
where densities of G. p. kohnii/river km (x̄=0.3.428 + 1.619, n=2) were greater than
those of G. ouachitensis (x̄=1.049 + 0.023, n=2), although not determined statistically
due to small sample size.
CPUE across the Yazoo and Lower MS revealed no difference in G. p. kohnii
catch rates between lotic sites (x̄=0.077 + 0.074, n=20) and lentic sites (x̄=0.080 + 0.131,
n=6) (Wilcoxon: χ2 = 0.451, df=1, p=0.502). The high catch rate in lentic sites is mostly
attributed to one site where CPUE=0.338, 393% higher than the next highest lentic
CPUE. There was no temporal variation in CPUE in G. p. kohnii (Wilcoxon: χ2 = 0.929,
df=2, p=0.628).
The sex ratio was female skewed for G. p. kohnii in the Lower MS (3.4 females:1
male; χ2 = 6.546, df=1, p=0.011) and male skewed in the Yazoo (1.58 males:1 female; χ2
= 5.631, df=1, p=0.018). In the Yazoo, G. ouachitensis was also male skewed and
deviated from a 1:1 sex ratio (2.29 males:1 female; χ2 = 7.044, df=1, p=0.008).
2.3.5 Environmental CCAs
The final CCA model for the Pascagoula drainage had a total inertia of 3.591,
with 0.375 being constrained and 3.216 being unconstrained and was deemed significant
(ANOVA: F6,148=2.878, p=0.001). CCA1 (F1,148=8.189, p=0.001) and CCA2
(F1,148=5.164, p=0.005) were determined to be significant via an ANOVA, with CCA1
explaining 0.178 and 0.644 of the constrained and unconstrained inertia, respectively, and
CCA2 explaining 0.112 and 0.633 of the respective inertia. Deadwood (F=2.119,
p=0.030), sand (F=2.218, p=0.010), MedCan (F=2.286, p=0.020), root mass (F=2.502,
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p=0.025), SmWidth (F=2.279, p=0.025), and clay (F=3.521, p=0.020) were significant
environmental variables within the Pascagoula River drainage (Figure 2.20).
As for the Pearl River drainage, the final CCA accounted for 5.116 total inertia
(1.080 constrained; 4.034 unconstrained) and was again a significant model (ANOVA:
F11,154=4.087, p=0.001). CCA1 (ANOVA: F1,154=19.266, p=0.001) explained 0.471
of the constrained inertia and 0.749 of the unconstrained inertia. CCA2 (ANOVA:

Microhabitat Associations in the Pascagoula River Drainage

Figure 2.20 CCA of microhabitat associations for turtle species in the Pascagoula River
drainage
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F1,154=12.567, p=0.001) accounted for 0.313 and 0.674 of the constrained and
unconstrained inertia, respectively. Lastly, CCA3 (ANOVA: F1,154=5.549, p=0.039)
explained 0.107 (constrained) and 0.618 (unconstrained) of the inertia. Stump (F=2.853,
p=0.05), veg (F=3.564, p=0.025), HighCan (F=2.683, p=0.030), NoFlow (F=3.245,
p=0.020), MedWidth (F=2.353, p=0.015), branches (F=3.216, p=0.005), logjam
(F=3.676, p=0.005), ByShore (F=4.280, p=0.005), and SubmergVeg (F=5.888, p=0.005)
were deemed significant environmental variables in the Pearl River drainage (Figure
2.21).
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Microhabitat Associations in the Pearl River Drainage

Figure 2.21 CCA of microhabitat associations for turtle species in the Pearl River
drainage

The final CCA for the Tombigbee drainage had a total inertia of 4.275 (0.940
constrained; 3.336 unconstrained) and was significant (ANOVA: F11,171=4.379, p=0.001).
CCA1 (ANOVA: F1,175=13.222, p=0.001) explained 0.252 of the constrained inertia and
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0.626 of unconstrained inertia. CCA2 (ANOVA: F1,175=11.970, p=0.001) accounted for
0.228 of constrained inertia and 0.573 of unconstrained inertia. CCA3 (ANOVA:
F1,175=9.855, p=0.001) explained 0.188 and 0.483 of the constrained and unconstrained
inertia, respectively. Lastly, CCA4 (ANOVA: F1,175=6.009, p=0.014) explained 0.115 of
constrained inertia and 0.463 of unconstrained inertia. Deadwood (F=2.349, p=0.45),
MedWidth (F=2.760, p=0.015), sandbar (F=3.069, p=0.015), MedFlow (F=3.595,
p=0.005), HighCan (F=3.336, p=0.005), FallenTree (F=3.567, p=0.015), detritus
(F=4.296, p=0.005), soapstone (F=4.756, p=0.005), BaskStruct (F=3.956, p=0.005),
logjam (F=5.160, p=0.005), and EmergVeg (F=5.893, p=0.005) were significant
environmental variables in the Tombigbee drainage (Figure 2.22).
The reduced CCA for the Yazoo had a total inertia of 4.008 (0.818 constrained;
3.190 unconstrained) and the model was significant (ANOVA: F15,383=6.544, p=0.001).
Five CCA axes were deemed significant: CCA1 (ANOVA: F1,391=31.992, p=0.001),
CCA2 (ANOVA: F1,391=23.044, p=0.001), CCA3 (ANOVA: F1,391=18.889, p=0.001),
CCA4 (ANOVA: F1,391=11.787, p=0.002), and CCA5 (ANOVA: F1,391=10.840,
p=0.002). The structure explained by each axis for constrained and unconstrained inertia,
respectively, were as follows: CCA1 (0.261; 0.680), CCA2 (0.188, 0.528), CCA3 (0.154;
0.498), CCA4 (0.096; 0.476), CCA5 (0.088; 0.398). Mud (F=2.154, p=0.035), clay
(F=2.285, p=0.050), MedFlow (F=2.926, p=0.025), SlowFlow (F=3.044, p=0.035),
soapstone (F=3.295, p=0.015), LgWdth (F=3.531, p=0.010), detritus (F=4.822, p=0.005),
LowCan (F=3.847, p=0.005), EmergTree (F=5.459, p=0.005), NoFlow (F=5.590,
p=0.005), MedWidth (F=6.295, p=0.005), VLgWidth (F=7.718, p=0.005), SmallWidth
(F=8.567, p=0.005), cypress knees (F=10.255, p=0.005), and sand (F=9.434, p=0.005)
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were determined significant environmental variables, but SmallWidth, MedWidth, and
LgWidth were removed due to high VIF scores (Figure 2.23).

Microhabitat Associations in the Tombigbee River Drainage

Figure 2.22 CCA of microhabitat associations for turtle species in the Tombigbee River
drainage
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Microhabitat Associations in the Yazoo River Drainage

Figure 2.23 CCA of microhabitat associations for turtle species in the Yazoo River
drainage

Lastly, the final CCA for the Lower MS had a total inertia of 1.797 (0.269
constrained; 1.528 unconstrained) and was significant (ANOVA: F4,83=3.659, p=0.001).
CCA1 (ANOVA: F1,83=8.211, p=0.002) and CCA2 (ANOVA: F1,83=5.520, p=0.009)
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were deemed significant and accounted for 0.151 and 0.102 of the constrained inertia,
and 0.511 and 0.391 of the unconstrained inertia, respectively. Clay (F=2.803, p=0.045),
stump (F=3.112, p=0.025) branches (F=2.844, p=0.010), and sandbar (F=5.655, p=0.005)
were significant environmental variables in the Lower MS rivers (Figure 2.24).
Microhabitat Associations in the Big Black and Bayou Pierre River Systems (Lower MS)

Figure 2.24 CCA of microhabitat associations for turtle species in the Big Black and
Bayou Pierre River systems (Lower MS)
74

2.4 Discussion
Mississippi represents a hotspot of aquatic diversity, with freshwater turtles being
no exception. After sampling 70 sites across the major drainages of the state, a total of
4,374 turtles were caught in hoop nets in 4,519 TTN over the four-year survey. This
endeavor filled in various geographic gaps in our knowledge of Mississippi’s turtle fauna,
accounting for 58 new county records in 11 species, as well as substantially boosted the
genetic bank within the Southeastern TPA.
2.4.1 Lotic Habitats
Lotic habitats within the Pascagoula River Drainage were typified by high
diversity, exhibiting high species richness and distinctly high H and Eh, and moderate
catch rates. The most frequently captured species were M. temminckii (n=155), A.
spinifera (n=152), and S. carinatus (n=62). Indicator species analysis revealed that Lotic
Sternotherus (S. carinatus/S. peltifer) and Megacephalic Graptemys (G. gibbonsi) were
significantly associated with the Pascagoula group. While there are two species of Lotic
Sternotherus contributing to this demographic while other drainages have one
(Tombigbee) or zero (Yazoo, Lower MS) species, S. peltifer represented a paltry 3.125%
of total Lotic Sternotherus captures in the Pascagoula and as a result, does not confound
these results.
Lotic sites in the Pearl River drainage displayed low species richness but boasted
moderately diverse assemblages as determined by H and Eh. The most notable aspect of
Pearl River sites was the paucity of turtles as exemplified by considerably low CPUE.
The Pearl River was seemingly depauperate of turtles, with a mean of 25.909 turtles per
site compared to the Pascagoula (40 turtles/site), Lower MS (46 turtles/site), Tombigbee
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(53.667 turtles/site) and the Yazoo (86.667 turtles/site). The most frequently captured
species were T. s. elegans (n=115), M. temminckii (n=87), and A. spinifera (n=33). While
it is unclear why catch rates were so low from the Pearl River drainage, a potential
explanation is that the river has been subjected to heavy degradation and pollution,
including a black liquor spill originating from Temple-Inland Paper Mill in August 2011
(Piller & Geheber, 2015). This discharge had far-reaching ecological implications and
killed over 38,000 fish, and while turtles are undoubtably less susceptible to
ecotoxicological threats than fish are, it is possible that assemblages are in a recovery
period or that the reduction of prey has changed abundances (Piller & Geheber, 2015).
However, more research is needed to investigate the low turtle numbers found in the
Pearl River drainage.
Within the Tombigbee River drainage, lotic sites showed moderately high species
richness, but assemblages ranked low in H and Eh. Assemblages were dominated by A.
spinifera (n=143) and T. s. elegans (n=111), with a precipitous decline between catch
rates in these species and the next most prevalent (G. pulchra: n=19). High catch rates of
A. spinifera and T. s. elegans translated to high CPUE within the basin. Chelydra
serpentina was shown to be diagnostic of the Tombigbee drainage as determined by the
indicator species analysis. This species has been suggested to compete with the larger
chelydrid, M. temminckii, and its status as an indicator species of the Tombigbee is
perhaps due to its competitive release in the absence of high abundances of M.
temminckii (Riedle, 2010; Lescher et al. 2013).
Lotic sites from the Yazoo River drainage were dominated by T. s. elegans
(n=568) and to a lesser degree, A. spinifera (n=297) and M. temminckii (n=254). The high
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capture rate of these three species translated to distinctly high CPUE and low diversity
indices for the Yazoo drainage. As for lotic sites in the Lower MS, sites were typically
not distinct from other drainages, and were moderate in terms of species richness and
diversity indices. Mesocephalic Graptemys (G. p. kohnii), M. temminckii, and A. mutica
were shown to be indicative species of the Lower MS.
Among lotic sites in these five river systems, the trend was higher diversity
indices in the less disturbed Gulf Coast drainages (Pascagoula, Pearl) and high catch rates
with low diversity indices in more altered systems (Tombigbee, Yazoo). The Lower MS
was intermediary across univariate metrics, but the NMDS reveals Lower MS
assemblages were more similar to some of the Pascagoula, Pearl, and Yazoo sites than to
Tombigbee sites. The NMDS also revealed that Tombigbee sites were most dissimilar
from the other drainages, overlapping only with some Yazoo sites. Yazoo sites were
highly variable and showed the most dispersion in the NMDS. This was a result of certain
sites having expected lotic assemblages (low T. s. elegans, high H and Eh), while others
had assemblages more typical of altered systems (high T. s. elegans, low H and Eh) and
still others had assemblages dominated by M. temminckii. The species that were most
causative in lotic site dissimilarity between drainages were consistently M. temminckii, A.
spinifera, and T. s. elegans, which were the three most contributory species in 8 out of 9
SIMPER analyses. The more obligately lentic species (T. s. elegans and C. serpentina)
were negatively associated with MDS1 and closer in ordinal space to the Yazoo and
Tombigbee sites, while mostly lotic species (A. mutica, Lotic Sternotherus, P. concinna,
Megacephalic and Microcephalic Graptemys) were positively associated with MDS1 and
MDS2 and closer in ordinal space to the Pascagoula sites.
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2.4.2 Lentic Habitats
Lentic sites showed less significant variation among univariate metrics, with the
only detectable difference being higher species richness in Tombigbee sites than Yazoo
sites. However, with the small sample size of lentic sites and the data not conforming to
parametric test assumptions, results should be considered with caution. Lentic sites
within the Tombigbee consisted of reservoirs created by the Tennessee-Tombigbee
Waterway, whereas lentic sites within the Yazoo were oxbows and cutoffs, so variation
in the type of lentic habitat might be influencing the results. The Tombigbee also ranked
high in relative H, Eh, and CPUE. While lentic sites in the Yazoo displayed the lowest
richness, H, and Eh, CPUE was highest in this basin. These metrics reflect the high
relative abundance of T. s. elegans in most lentic sites in the Yazoo, with sites not
dominated by T. s. elegans having high relative abundances of M. temminckii. Lentic
sites from the Pascagoula showed intermediary diversity and catch metrics, while lentic
sites from the Pearl displayed the highest H and Eh, lowest CPUE and low richness.
Again, C. serpentina was associated with the Tombigbee, and in this analysis
Mesocephalic Graptemys (G. p. kohnii) was indicative of the Yazoo. Drainage was
shown not to be a factor in dissimilarity amongst lentic sites. Unsurprisingly, T. s.
elegans was the numerically dominant species in lentic environments across all drainages
(Pascagoula: n=278, Pearl: n=58, Tombigbee: n=391, Yazoo: n=731).
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2.4.3 Species Accounts
2.4.3.1 Apalone mutica
All A. mutica came from lotic environments in accordance with the species’
preference for medium-large rivers with moderate-fast currents (van Dijk, 2011c). While
there was no significant variation in CPUE and this species was infrequently caught,
catch rates were higher in drainages with A. m. mutica (Mississippi Drainage) than in
those with A. m. calvata (Pearl, Pascagoula, and Tombigbee). Whether or not low catch
success translates to low abundances is unclear in this cryptic species that is known to be
difficult to detect even in locations with high abundances (van Dijk, 2011c). This species
was indicative of the Lower MS group in lotic assemblages, where it reached its peak
relative abundances and CPUE. Apalone mutica prefers sandy bottoms, with sandbars
functioning as essential habitat and this was displayed in the in the Lower MS where A.
mutica was positively associated with sandbar microhabitats and in the Yazoo drainage
where A. mutica was positively associated with sandy substrates (van Dijk, 2011c). In the
Yazoo drainage, A. mutica was also negatively associated with soapstone substrate. The
only other drainage where A. mutica was detected enough to be included in the CCA was
the Pascagoula, where it was negatively associated with deadwood and root mass
microhabitats, and in close proximity in ordinal space to P. concinna.
2.4.3.2 Apalone spinifera
Apalone spinifera is a habitat generalist, occupying a wide variety of lotic and
lentic environments, which was supported by our surveys where it was the second most
detected species (n=818). However, catch rates were higher in lotic sites than lentic sites,
as the species prefers riverine habitat with sandy bottoms and sandbars (Ernst et al. 1994;
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van Dijk, 2011d). In lotic habitats, CPUE and relative abundance drastically ranged
across drainages, reaching its peak in the Tombigbee drainage where it constituted 43.1%
of total captures compared to a mere 13.6% of total captures in the Pearl drainage. The
dominance of the species in the Tombigbee may be associated with the highly disturbed
nature of the drainage, which favors generalist strategies over specialist strategies
(Devicter et al. 2008). This is supported by Fig. 2.22 which shows A. spinifera occupying
neutral positioning in the Tombigbee, not being strongly associated with either significant
axis. This trend was fairly consistent across drainages, with A. spinifera also showing no
association with either axis in the Lower MS, and only slight association with CCA1 in
the Pascagoula, Pearl, and Yazoo drainages.
2.4.3.3 Chelydra serpentina
Another habitat generalist, C. serpentina can occupy a wide variety of
environments throughout its expansive range. In Mississippi, however, the species seems
to be restricted to sub-optimal habitats not occupied by the larger M. temminckii,
including wetlands, ditches, ponds, and lakes. As a result, C. serpentina was infrequently
captured in our surveys, but was significantly associated with the Tombigbee drainage,
where M. temminckii abundances are the lowest in the state. Within the Tombigbee, C.
serpentina showed a negative relationship with basking structure and fallen trees and was
proximately positioned next to T. s. elegans. The only other drainage to have sufficient C.
serpentina captures for environmental analysis was the Yazoo, where it was positively
associated with slow stream flow environments, and negatively associated with no stream
flow environments, low canopy cover, and muddy substrates.
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2.4.3.4 Macrochelys temminckii
Macrochelys temminckii occupies river systems draining into the Gulf and their
associated floodplains and represented the third most abundant species from this survey
(n=647). The only drainage that was noticeably lacking in M. temminckii was the
Tombigbee drainage where it constituted a paltry 2.3 % of total captures compared to
almost half of all captures in the Lower MS. Whether or not this paucity is because the
Tombigbee is at higher latitudes, represents the headwaters of the much larger MobileBay drainage, or is a result of the highly modified nature of the Tombigbee is unclear.
While fairly pervasive throughout the state, this species was more commonly associated
with lotic systems than lentic systems. In the Lower MS, M. temminckii was positively
associated with clay substrates and negatively associated with sandbars. In the Yazoo
drainage, this species was positively correlated with cypress knees and slow flow
habitats, while in the Pascagoula, M. temminckii showed a loose positive association with
deadwood and root masses. In the Pearl, M. temminckii was positively correlated with
logjams and negatively correlated with high canopy cover and no flow environments,
while in the Tombigbee, the species was positively associated with emergent vegetation
and logjams and negatively associated with high canopy cover.
2.4.3.5 Pseudemys concinna
Although P. concinna was abundant in basking surveys and often attains high
biomasses in riverine systems, this species did not often get captured due to its highly
herbivorous nature. However, catch rates were higher in lotic systems, showing the
species’ proclivity for medium-large rivers with submerged vegetation (van Dijk, 2011o).
Pseudemys concinna reached its highest catch rates and relative abundances in the
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Pascagoula River drainage, where it occupied similar ordinal space as the obligately
riverine A. mutica and was negatively associated with deadwood and root masses, which
was not expected considering the species’ tendency to bask. In the Tombigbee River
drainage, it occupied similar habitats to G. nigrinoda and was positively associated with
basking structure, fallen trees, and medium stream widths with medium flow
environments. Lastly, in the Yazoo River drainage, P. concinna was positively associated
with clay substrates.
2.4.3.6 Sternotherus
Three species of Sternotherus were encountered throughout this survey, but S.
odoratus with its preference for stagnant environments was infrequently captured. The
dominant lotic Sternotherus in the Gulf Coast drainages (Pascagoula & Pearl) was S.
carinatus, which showed no variation in catch rates or relative abundance between the
two basins. Within the Pearl River drainage, S. carinatus occupied near shore
environments and was negatively associated with vegetation, while in the Pascagoula, it
was associated with sandy substrates and root masses. Sternotherus peltifer was the sole
lotic Sternotherus from the Tombigbee and was associated with high canopy cover and
sandbars, while negatively associated with emergent vegetation. Interestingly, there were
no lotic Sternotherus in the Mississippi drainage (Yazoo, Big Black, Bayou Pierre)
suggesting that this niche is either open or being filled by another species.
2.4.3.7 Trachemys scripta elegans
The numerically dominant turtle species in this survey, T. s. elegans were caught
across all drainages and habitat types. While known for being a generalist, it prefers
lentic water bodies, which was supported by increased catch rates from lentic sites. There
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was geographic variation in catch rates in lotic systems, where T. s. elegans reached their
peak in the Yazoo drainage and their nadir in the Lower MS. In the Yazoo drainage, T. s.
elegans occupied no flow environments with low canopy cover. Trachemys scripta
elegans was next most abundant in the Tombigbee drainage, where it was negatively
associated with basking structure and fallen trees. The species was also negatively
associated with common basking structure microhabitats (deadwood and root masses) in
the Pascagoula River drainage. In the Pearl, T. s. elegans utilized vegetative areas and
was negatively associated with near shore environments. Lastly, in the Lower MS, T. s.
elegans was associated with tree stumps and microhabitats with branches.
2.4.3.8 Graptemys
In the Pascagoula River drainage, G. gibbonsi was more frequently observed and
captured than its microcephalic counterpart. This species, however, is considered the
more threatened of the two and has undergone precipitous declines in populations since
1950 (van Dijk, 2011g). It is likely that the increased prevalence of G. gibbonsi in this
study is more likely reflective of the site selection than relative abundances as weather
conditions (i.e., rain) made sampling smaller, flashier systems untenable in 2017, and G.
gibbonsi prefers medium-large rivers opposed to swift, smaller systems (van Dijk,
2011g). This species was not strongly associated with either CCA axes or any
environmental factors. Graptemys flavimaculata had the most specialized habitat
associations within the Pascagoula drainage and was strongly associated with clay
environments.
Within the Pearl River drainage, G. oculifera was considerably more abundant
than G. pearlensis in basking surveys but was less prone to trap captures and thus omitted
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from Fig. 2.21. Graptemys pearlensis showed the most specialized habitat preferences of
the Pearl River’s species and was strongly associated with logjam microhabitats and
negatively associated with high canopy cover and no flow environments.
As was the case in the Pearl River drainage, the microcephalic G. nigrinoda was
more frequently observed basking in the Tombigbee drainage, while the megacephalic G.
pulchra was captured more often, although neither difference was significant. Fig. 2.22
revealed the G. nigrinoda occupied areas with fallen trees and other basking structure,
while G. pulchra utilized logjams and deadwood.
In both the Yazoo River drainage and the Lower MS systems, G. ouachitensis
was less abundant in basking surveys and trap captures, but these differences were only
significant in the Yazoo. Graptemys ouachitensis was only assessed for microhabitat
preferences in the Yazoo River drainage, where it was associated with low canopy cover
and no flow environments and negatively associated with slow flow environments. This
species is known to prefer rivers with fast currents but also to utilize lentic habitats,
which was supported in this assessment (van Dijk, 2011j). Graptemys
pseudogeographica kohnii was also associated with low canopy cover and negatively
associated with slow flow environments in the Yazoo drainage, but to a lesser degree.
While in the Lower MS, it was negatively associated with stumps and branch
microhabitats.
2.4.4 Conclusion
This study aimed to fill in gaps in our knowledge of the diverse freshwater turtle
biota of Mississippi. While this represents the most extensive assessment of turtle
communities across the state and has increased our understanding considerably, it is not
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without caveats. First, the trapping methodology was biased toward fish/carrion-eating
species and individuals >10 cm CL. Therefore, while some species (i.e., T. s. elegans, M.
temminckii, A. spinifera) were incredibly well-represented, others (i.e., A. mutica, P.
concinna, Graptemys sp.) proved to be harder to catch, and as a result, were likely
underreported from these areas. For such species with low catch rates, microhabitat
assessments and departures from a 1:1 sex ratio should be regarded with caution.
Additionally, appraisal of life stage demographics was not available as traps failed to
catch most juveniles other than M. temminckii. Although trapping effort was substantial
across sites, each site was only sampled once in order to cover a wider geographic area.
This means that climatic or temporal conditions might affect results from a site and that
questions of temporal variation and behavior patterns are confounded by this lack of
replication. As a result, differences in seasonal catch rates should be considered with
extreme caution, as geographic variation in demographics might be influencing those
data. Analyses of lentic environments across drainages should also be considered with
caution due to low sample sizes, the data not conforming to parametric analysis
assumptions, and subsequent low power, but summary statistics are presented to
disseminate data, and more surveys can help to elucidate geographical variation of lentic
sites across Mississippi.
With this investigation, the diverse turtle fauna of Mississippi and the
Southeastern TPA has been further examined, allowing for a better understanding of
constituent assemblages, demographics, and geographic variation. Considering the
substantial percentage of global turtle diversity that hails from Mississippi, continued
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monitoring of this nature is essential for this imperiled taxon in the stronghold of aquatic
diversity that is the Southeast United States.

86

CHAPTER III - HYDROLOGIC ALTERATIONS AS A POTENTIAL DRIVER OF
FRESHWATER TURTLE ASSEMBLAGES IN MISSISSIPPI
3.1 Introduction
It is well documented that human activities often destabilize and reduce
biodiversity, especially through the loss of rarer, more specialized species (Patrick, 1988;
Vandewalle & Christiansen, 1996). As the demand for freshwater continues to grow at an
exorbitant rate, water managers are faced with the increasingly challenging task of
balancing securing water for people and preserving aquatic ecosystems (Poff et al. 2010).
This will require effective management that employs monitoring and strategies that are
founded on knowledge of the processes that preserve ecosystem function and diversity
(Christensen et al. 1996; Bodie, 2001). Consequently, deliberate design and management
of freshwater ecosystems is recognized as a key social-scientific challenge of the 21st
century (Palmer et al. 2004; Poff et al. 2010). For freshwater systems to persist, there is a
necessity for applied conservation strategies that confront how humans value and balance
species conservation, ecosystem integrity, and provision of freshwater for humans
(Dudgeon et al. 2006). If major alterations in strategy and attitude do not change in the
near future, allowing current trends to continue, much of the remaining freshwater
diversity is threatened with extinction (Dudgeon et al. 2006).
Surface freshwater habitats contain approximately 0.01% of the Earth’s water and
only account for 0.8% of the Earth’s surface (Gleick, 1996; Dudgeon et al. 2006).
However, the biodiversity contained in these miniscule portions of the planet is vast, with
some estimates maintaining that almost 1/3 of vertebrate species are freshwater species
(Dudgeon et al. 2006). This is troubling as these ecosystems may be the most endangered
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ecosystems in the world, with freshwater losses in biodiversity surpassing that suffered in
most terrestrial ecosystems (Sala et al. 2000; Dudgeon et al. 2006). The dangers facing
these habitats can be grouped into five major categories, which work together to threaten
ecosystem integrity and biodiversity: overexploitation, water pollution, flow
modification, destruction and degradation of habitat, and invasion of non-native species
(Dudgeon et al. 2006). These threats will only intensify with the expansion of the human
footprint and the uncertainties correlated with climate change (CAWMA, 2007; Palmer et
al. 2008; Poff et al. 2010).
Hydrological flow alterations are ubiquitous in lotic systems worldwide
(Dynesius & Nilsson, 1994; Dudgeon et al. 2006). In the United States alone, more than
19,300 km of rivers have been modified for commercial navigation and are maintained
through a series of 75 reservoirs, 276 navigation locks, and 13,670 km of levees (United
States Army Corps of Engineers, 2000; Bodie, 2001). The management of these rivers
directly or indirectly impacts approximately 87% of the continental United States
(Statistical Abstract of the US, 1998; Bodie, 2001). While this undertaking generates
billions of dollars in commerce, hydropower, and flood protection, the costs to riparian
ecosystems is substantial (Sparks et al. 1998; Bodie, 2001). The degree to which systems
have been altered is highly variable but tends to be most substantial in places with highly
fluctuating flow regimes, as it is these regions which require heightened flood protection
or water storage (Dudgeon et al. 2006). Such alterations are worrisome for biodiversity as
hydrologic regime is a significant regulator of ecological processes that sustain
biodiversity (Lenhart et al. 2013).
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While environmental factors such as temperature, water quality, and substrate
serve to regulate riparian ecosystem function, the significance of variable streamflow has
been suggested to be the single most important variable dictating processes in rivers that
determine distribution and abundance of species (Poff et al. 1997; Poff et al. 2010; Olden
& Kennard, 2010). To put it in a more poetic context, Walker et al. (1995) described
streamflow as the “maestro that orchestrates pattern and process in rivers” (Poff et al.
2010). It is now evident that variability in flow regime, instead of a minimum basal flow,
is required to preserve riverine habitats and their constituent species (Olden & Kennard,
2010; Poff et al. 2010).
The natural flow-regime paradigm suggests that patterns in intra- and interannual
variation in flow regimes are essential for the healthy function of lotic ecosystems and
their resident species (Poff et al. 1997; Olden & Kennard, 2010). The significance of
variable streamflow, including floods and droughts, has been repeatedly documented to
determine assemblage structure for fish, invertebrates, and riparian plants, which are all
taxa that are predominantly spatially confined by freshwater delimitations (Kennard et al.
2007; Dewson et al. 2007; Pettit et al. 2001; Lambeets et al. 2008; Olden & Kennard,
2010). Fish assemblages have received considerable attention in the context of river
alterations, with numerous studies suggesting that channelization and other alterations
decreases survival of many species, altering distributions, abundances, and species
richness (Vandewalle & Christiansen, 1996; Bodie, 2001). This can occur through
numerous mechanisms, including reducing habitats and food availability, and altering
reproductive and behavioral patterns (Simpson et al. 1982; Vandewalle & Christiansen,
1996). In comparison, relatively little is known about the effects of river modification on
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freshwater turtles, perhaps due to the fact that their mobility is less restricted by the
presence of water (Vandewalle & Christiansen, 1996). However, the studies that have
investigated this relationship suggest that river alterations negatively impact resident
turtle populations via various processes (Vandewalle & Christiansen, 1996; Bodie, 2001,
Lenhart et al. 2013; Melancon et al. 2013; Usuda et al. 2010).
Channelization, a common technique to bolster agricultural acreage and
navigability while controlling flooding, has direct and indirect effects on ecosystems,
including reductions in food availability, habitat loss, and shifts in community
composition (Simpson et al. 1982; Bodie, 2001). Channelization can also act as an
isolating mechanism if it diverts flow to areas with unnaturally high-water velocities,
which can impede turtle movement despite their highly mobile nature (Bodie, 2001).
Heightened water velocities also serve to reduce areas where hibernation is possible and
to increase the rate of erosional processes (Usuda et al. 2010) Additionally, as channels
are dredged, the physical nature of the construction may disturb or kill turtles
overwintering in the sediment (Graham & Graham, 1997; Bodie, 2001, Usuda et al.
2010). The problem is exacerbated by the fact that river alterations are often carried out
in the winter, when low temperatures impede the ability for turtles to avoid disturbance
(Usuda et al. 2010).
Impoundments are another major threat to ecosystem integrity that has negatively
affected biodiversity of rivers worldwide (Sakaris, 2013). The scale to which humans
have stored water in impoundments is nothing short of staggering. This is exemplified by
the facts that dams currently retain 10,000 km3 of water – five times the volume of water
in the all the world’s rivers – and that impoundments in the Northern Hemisphere have
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actually impacted geodynamic changes in the planet’s rotation and gravitational field
(Nilsson & Berggren, 2000; Chao, 1995; Dudgeon et al. 2006). Again, most studies
examining the biological ramifications of dams have dealt with fishes and invertebrates,
but many of the same difficulties threaten freshwater turtles (Bodie, 2001). As a physical
barrier that impedes dispersal, impoundments can directly fragment habitats and isolate
populations, with evidence suggesting population insularization has occurred in
Sternotherus depressus, Graptemys oculifera, and Actinemys marmorata (US Fish and
Wildlife Service, 1987; Bodie, 2001). Additionally, impoundments reduce habitat
heterogeneity and allow for more lentic species to thrive (Vandewalle & Christiansen,
1996; Bodie, 2001). As a result, not all turtle species are imperiled by impoundments, and
some even prosper in such situations. However, most riverine species do not prefer the
homogenous open water of impoundments (Buhlmann et al. 2008; Melancon et al. 2013).
Some of the turtle-specific impacts of impoundments are fragmentation of habitats,
reduction of food availability, fluctuation of water levels, introduction of competitors and
disease vectors, and decreases in nesting areas and riparian zones (Melancon et al. 2013).
The Indicators of Hydrologic Alteration (IHA) were employed to determine the
level of hydrologic alteration across stream gages in the Tombigbee, Pearl, and
Pascagoula River drainages. Using daily streamflow data gathered from USGS stream
gages, the IHA calculates continuous alteration over time or alteration as a result of a
discrete construction event (i.e., dams, sills, channelization) in 32 biologically relevant
parameters of streamflow data, which are categorized into five statistical groups: 1)
magnitude of monthly water conditions; 2) magnitude and duration of annual extreme
water conditions; 3) timing of annual extreme water conditions; 4) frequency and
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duration of high and low pulses; and 5) rate and frequency of water condition changes
(Richter et al. 1996; The Nature Conservancy, 2009). This allows for a quantitative
assessment of hydrologic alteration between basins which can then be contextualized
through examining turtle assemblage composition in this diverse state for freshwater
turtles.
3.2 Materials & Methods
3.2.1 Study Sites
The Pascagoula River covers an area of 15,607 km2 and represents the last large
(>350 m3 s-1 virgin mean annual discharge) river basin in the continental United States
lacking a mainstem impoundment (Dynesius & Nilsson, 1994; United States Army Corps
of Engineers, 1968; Dugo et al. 2004; Heise et al. 2005). Its major tributaries, the Leaf
River (5,760 km2) and the Chickasawhay River (4,778 km2), meet approximately 130
river kilometers from the drainage terminus (United States Army Corps of Engineers,
1968; Dugo et al. 2004). The river is located within the Gulf Coastal Plain with
elevations ranging from 0 to 198 m above sea level and is home to several threatened
aquatic species, including the imperiled G. flavimaculata and G. gibbonsi (United States
Army Corps of Engineers, 1968; Heise et al. 2005; Selman & Qualls, 2009). While the
Pascagoula drainage has undergone minor alterations through the form of headwater
impoundments, it represents the least altered major river system in the contiguous United
States, and due to the lack of mainstem impoundments and alterations, the Pascagoula
represents a relatively pristine system with natural flow regimes that can be used as a
template to compare more altered rivers.
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We have sampled 12 riverine sites over the course of 801 total trap nights (TTN)
in the Pascagoula drainage in 2017 and 2019. In 2017, we sampled: Upper Bouie (UBO),
Upper Chickasawhay (UCH), Lower Chickasawhay (LCH), Middle Chickasawhay
(MCH), Upper Leaf (ULF) and Middle Leaf (MLF). In 2019, we sampled: Escatawpa
(ESC), Pascagoula at Wilkerson Ferry (WIL), Black Creek (BLK), Red Creek (RED),
Pascagoula at Vancleave (VAN), and Escatawpa at Hurley (HUR). Study sites from the
Pascagoula River drainage can be seen in Figure 3.1.

Figure 3.1 Map of turtle survey sites from the Pascagoula River Drainage

The Pearl River, which is a linear system compared to the dendritic nature of the
Pascagoula, has a drainage area of 22,688 km2 spanning central Mississippi and
southeastern Louisiana (United States Army Corps of Engineers, 1970; Morrow Jr. et al.
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1998). Three major impediments to aquatic dispersal have been constructed since 1956,
which have all modified the natural flow regime of the river. In 1956, the Pools Bluff sill
and the Bogue Chitto sill were constructed, blocking upstream migration at low-water
conditions, while in 1964, the Ross Barnett dam was finished, which acts as an absolute
barrier to upstream migration (Morrow Jr. et al. 1998). Thus far, 21% of the Pearl River
has been channelized, with the proposed One Lake Project threatening to further alter
riverine processes, jeopardizing endemic river species such as G. oculifera and G.
pearlensis (van Dijk, 2011h; Selman, 2018).
In 2018, we logged 802 TTN on historic and current riverine sites in the
Pearl drainage. The study sites were as follows: Pearl at Carthage (CTH), Pearl at
Philadelphia (PHI), Ross Barnett North (RBN), Ross Barnett South (RBS), Pearl at
Columbia (COL) , Coal’s Bluff (CBL), Crystal Lake (CRY), Pearl at Atwood (ATW),
Bogue Chitto (BGC), Pearl at Bogalusa (BOG), Pearl at Stennis (STN), Walkiah Bluff
(WLK), and Pearl at Georgetown (GEO). Study sites from the Pearl River drainage can
be seen in Figure 3.2.
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Figure 3.2 Map of turtle survey sites from the Pearl River Drainage

The Tombigbee River is a part of the larger Mobile-Bay River drainage, which is
the epicenter of turtle diversity in the Southeastern United States TPA (Hinck et al. 2009;
Buhlmann et al. 2009). The upper Tombigbee River spans western Alabama into
northeastern Mississippi and represents the last of the major systems within the drainage
to be severely altered (Boschung, 1989). What was historically a meandering river that
boasted high aquatic diversity is now a series of dams, pools, and channels that has lost
its rarer constituent species (Boschung, 1989). The culmination of alteration in this
system is the Tennessee-Tombigbee Waterway (TTW), which was approved by congress
in 1946, initiated in 1972, and finished in 1985 (Stine, 1991). This construction required
the moving of millions of cubic yards of earth, substantial destruction of riverine and
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wetland ecosystems, and the merging of two completely distinct watersheds, all in the
name of economic boon as a navigational alternative to the Mississippi River (Stine,
1991). Among other ecological consequences, the project transformed free-flowing river
into lentic habitats by eliminating 170 miles of free-flowing tributaries and 140 miles of
main-stem river, eradicated rapids and shoals, homogenized river depths, increased
siltation, and decreased river flow (Stine, 1991).
In 2019, we logged 749 TTN and sampled 11 lotic and lentic sites in the
Tombigbee River drainage that were historically or presently riverine habitats. Our study
sites were: Tibbee Creek (TIB), Camp Pratt (CMP), Lower Tombigbee (LTB),
Tombigbee at Aberdeen (ABE), Town Creek at Tommy Landing (TOM), Buttahatchee
(BUT), Bull Creek (BUL), Tombigbee at Fulton (FUL), Tombigbee at Peppertown
(PEP), Columbus Lake (CBS), and East Fork (EFO). Study sites from the Tombigbee
River drainage can be seen in Figure 3.3.
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Figure 3.3 Map of turtle survey sites from the Tombigbee River Drainage

3.2.2 Indicators of Hydrologic Alteration
The IHA V7.1 uses daily streamflow data in the pre-impact period to determine
the natural variation in streamflow regimes within and across years. For each of the
biologically relevant 32 parameters, the IHA allocates the data into terciles with a low,
medium, and high categorization. This serves to set the expected value of data in the
post-impact period. The software then uses daily post-impact streamflow data to
determine how the altered hydrological regime deviates from the expected values, using a
Monte Carlo simulation to determine a significant departure from prior conditions
(alpha=0.05) (The Nature Conservancy, 2009). A range of variability analysis (RVA) was
then performed for each of the 64 parameters (32 pre- and post), which gives a
hydrologic alteration (HA) score for each parameter (Lenhart et al. 2013). HA scores for
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each USGS stream gage were then put in ordinal space using a principal component
analysis (stats package). Additionally, HA values between drainages were tested for
significance using a PERMANOVA of Euclidean distances (vegan package: 10,000
permutations). All analyses were carried out using R Version 3.6.2.
Based on the temporal variation in alterations to the three river drainages,
multiple analyses were run using the relatively unaltered Pascagoula as a null model. In
the comparison of the Tombigbee and the Pascagoula, the impact years were considered
1972-1985 based off the construction of the TTW in the Tombigbee River drainage.
Daily data from 1952-1971 was used as the pre-impact period with 1990-2009 as the
post-impact period. 1990 was used as the first year after the impact due to the availability
of gages. Six USGS stream gages were used from the Tombigbee drainage, covering
62.5% of the total HUC-008s within the basin, while 10 USGS gages were used from the
Pascagoula drainage, accounting for 75% of the HUC-008s in the basin.
As for the comparison of hydrologic regimes of the Pascagoula and the Pearl
drainages, the impact period will be 1956-1964 based on the construction of the sills and
the Ross Barnett dam. Daily data from 1938-1955 will constitute the pre-impact period,
and 1965-1984 will serve as the post-impact period. This again will account for 75% of
the HUC-008s in the Pascagoula (9 USGS stream gages), while the Pearl will have 100%
coverage of the HUC-008s with six USGS stream gages. Stream gages for each drainage
can be seen below in Table 3.1.
3.2.3 Turtle Surveys
Turtles were captured using baited hoop nets (90 cm and 120 cm diameters, 36
gauge), which were checked daily. 16-23 hoop nets were set for 3-7 nights per site and
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bait was replaced after 48 hours or as needed. Once turtles were collected, they were
measured and weighed before taking a tissue sample, given a unique identifying marking,
and released at the site of capture. Bait type and environmental variables were also
recorded. All turtles were collected under Mississippi Department of Wildlife, Fisheries,
and Parks collection permits #0421171, #0301182, #0408191, #0406201, #0414211, and
# 0408192. Turtle sampling sites along with utilized USGS stream gages and
impoundments can be found in Figure 3.4.

Table 3.1
USGS Stream Gages from the Pascagoula, Pearl, and Tombigbee River Drainages used
in the RVA Analysis
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I used an analysis of variance (ANOVA) and Kruskal-Wallis Rank Sum Tests to
determine variation in univariate components of turtle assemblages i.e., species richness,
Shannon equitability index, and relative abundance and CPUE of red-eared sliders
(Trachemys scripta elegans). The prevalence of T. s. elegans was investigated as this
species is a habitat and diet generalist that can be found in both lotic and lentic systems;
however, relative abundance in healthy lotic systems should be low (Selman, 2018). For
further multivariate analysis of inter-drainage variation, we utilized an ANOSIM and
PERMANOVA of Bray-Curtis Dissimilarity (10,000 permutations) and visualized the
assemblage data using a nonmetric multidimensional scaling (NMDS, k=3, vegan
package). For these multivariate analyses, microcephalic map turtles, megacephalic map
turtles, and lotic musk turtles were considered to be functional species. This was to limit
the extent that endemism and allopatry were driving the analysis and is justified as these
species are ecological equivalents in their respective drainages. Finally, we employed an
indicator species analysis (indicspecies package) and similarity percentage analysis
(vegan package) to determine which species were indicative of each drainage and were
driving the dissimilarity among watersheds (Gilbert & Escarguel, 2018).
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Figure 3.4 Map of turtle survey sites, impoundments, and USGS stream gages utilized for
RVA analysis
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3.3 Results
3.3.1 Indicators of Hydrologic Alteration
For all the following analyses, alpha was set to 0.05. Hydrologic alteration (HA)
scores for the 32 pre- and post-impact periods yielded significant variation between the
Pascagoula and Tombigbee drainages with drainage accounting for 18.6% of the
variation (PERMANOVA, F1,15=3.204, p=0.0038). In the comparison of HA values for
the Pascagoula and the Pearl gages, drainage accounted for 10.7% of the variation and
was not deemed significant (PERMANOVA, F1,14=1.55, p=0.095). PERMANOVA
results can be found in Table 3.2.
Both PCAs comparing the Pearl and Tombigbee to the Pascagoula were based on
variance-covariance matrices. When contrasting the HA scores from the Tombigbee and
the Pascagoula drainage, the total variance was 3.45 with PC1 accounting for 33.2% of
the variance (Figure 3.5). Loadings for the first principal component, as determined via
the broken stick model, can be found in Table 3.3. Figure 3.5 shows that the majority of
stream gages (70%) from the Pascagoula are positively associated with PC1, while the
majority of stream gages (66.6%) from the Tombigbee are negatively associated with
PC1. Several hydrological parameters were deemed influential (|eigenvalues| > 0.2) and
driving the differences between PC1. Parameters that had absolute eigenvalues > 0.2
came from the first two statistical groups of the IHA (magnitude of monthly water
conditions [Group 1], and magnitude and duration of annual extreme conditions [Group
2]) and the last two groups of the IHA (frequency and duration of high and low pulses
[Group 4], and rate and frequency of water condition changes [Group 5]) were deemed to
be driving the disparity. The heaviest loadings were associated with changes in Group 2,
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with parameters 13-17 strongly positively associated with PC1, and in Group 1, with
parameters 9-11 also positively associated with PC1.
The total variance in the PCA of Pearl and Pascagoula HA scores was 4.32 with
PC1-PC4 explaining 24.1%, 17.2% (Figure 3.6), 13.9%, and 11.5% (Figure 3.7) of the
variance, respectively. Loadings for the first four principal components, again determined
through the broken stick model, can be found in Table 3.4. Figure 3.6 shows that most
(83.3%) of the Pearl River gages were positively associated with PC1, while the majority
(66.6%) of the Pascagoula River gages were negatively associated with PC1. Gages from
both drainages were more evenly split along PC2. Parameters that had absolute
eigenvalues > 0.2 for PC1&2 came from Group 1, Group 2, and Group 3 (Timing of
annual extreme events). For PC1, the heaviest loadings were Parameter 24, 13-16, and
10, which were all negatively associated. While in PC2, the heaviest loadings were
Parameter 24 and 6-9 (positively associated), and Parameter 14-15 (negatively
associated).

Table 3.2
PERMANOVA of Euclidean distance for hydrologic alterations scores from the
Tombigbee and Pearl River drainages compared to the Pascagoula River Drainage using
10,000 permutations
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Figure 3.5 Principal Component Analysis of hydrologic alteration scores generated by
range of variability analysis for Tombigbee and Pascagoula USGS stream gages
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Figure 3.6 Principal Component Analysis of hydrologic alteration scores generated by
range of variability analysis for Pearl and Pascagoula USGS stream gages showing PC1
& PC2

Figure 3.7 Principal Component Analysis of hydrologic alteration scores generated by
range of variability analysis for Pearl and Pascagoula USGS stream gages Showing PC3
& PC4
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Table 3.3
PCA loadings for hydrologic alteration values of USGS stream gages in the Tombigbee
and Pascagoula River Drainages. Bold values denote a loading with an absolute value
greater than 0.2
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Table 3.4
PCA loadings for hydrologic alteration values of USGS stream gages in the Pearl and
Pascagoula River Drainages. Bold values denote a loading with an absolute value
greater than 0.2
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3.3.2 Turtle Assemblages
In the assessment of turtle assemblages between drainages, there was significant
variation of evenness between drainages (Kruskal-Wallis, χ2=14.204, df=2, p<0.001).
Post-hoc Wilcoxon rank sum test revealed higher evenness in the Pascagoula (x̄=0.816 +
0.077, n=12) than the Tombigbee (x̄=0.588 + 0.179, n=11) (p<0.001), and higher
evenness in the Pearl (x̄=0.786 + 0.111, n=14) than the Tombigbee (p=0.002). No
significant variation was observed between the Pearl and the Pascagoula (p=0.382)
(Figure 3.8). The discrepancy in evenness between drainages can also be visualized by
the rank-abundance curve, with the Tombigbee rank-abundance curve being highly
indicative of an altered system dominated by two generalist species constituting 85% of
total captures (T. s. elegans & Apalone spinifera) (Figure 3.9).

Figure 3.8 Shannon Equitability Index values for turtle assemblages in the Pascagoula,
Pearl, and Tombigbee River drainage. Mean values are denoted by the bold dot and
error bars represent 1 SD from the mean. Mean and (SD) are also presented. Letters
represent significant differences between groups.
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Figure 3.9 Rank-abundance curve for turtle assemblages from the Pascagoula, Pearl,
and Tombigbee River drainages

As for the examination of species richness between drainages, a one-way
ANOVA was used as the data was normally distributed (Shapiro-Wilk > 0.05) and there
was equal variance (F-test > 0.05). There was significant variation between drainages
(ANOVA: F2,36=5.866, p=0.007). Post-hoc Tukey HSD tests revealed higher richness in
the Pascagoula (x̄=6.500 + 1.243, n=12) than the Pearl (x̄=4.786 + 1.311, n=14)
(p=0.004), with the (Tombigbee (x̄=5.727 + 1.272, n=11) being intermediate. (Figure
3.10).

109

A Kruskal-Wallis rank sum tests revealed significant variation in T. s. elegans
relative abundance between drainages (χ2=7.866, df=2, p=0.020). Post-hoc Wilcoxon
rank sum tests revealed significantly higher proportions of T. s. elegans in the Tombigbee
(x̄=0.449 + 0.314, n=11) than the Pascagoula (x̄=0.088 + 0.088, n=12) (p=0.003).
Tombigbee sites also had higher relative abundances of T. s. elegans than the Pearl
(x̄=0.278 + 0.267, n=14), but the difference was not significant (p=0.196). Proportions of
T. s. elegans in the Pearl and Pascagoula also did not differ significantly (p=0.303)
(Figure 3.11). CPUE of T. s. elegans was also shown to vary across drainages (KruskalWallis: χ2=7.559, df=2, p=0.023). Post-hoc Wilcoxon rank sum tests revealed higher
CPUE in the Tombigbee (x̄ =0.676 + 0.817, n=11) than the Pascagoula (x̄ =0.076 +
0.133, n=12)(p=0.012) and the Pearl (x̄ =0.162 + 0.235, n=14)(0.034) (Figure 3.12).

Figure 3.10 Species richness per site for turtle assemblages in the Pascagoula, Pearl,
and Tombigbee River drainages. Mean values are denoted by the bold dot and error bars
represent 1 SD from the mean. Mean and (SD) are also presented. Letters represent
significant differences between groups.
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Figure 3.11 Relative abundance of T. s. elegans in the Pascagoula, Pearl, and Tombigbee
River drainages. Mean values are denoted by the bold dot and error bars represent 1 SD
from the mean. Mean and (SD) are also presented. Letters represent significant
differences between groups.

Figure 3.12 CPUE of T. s. elegans in the Pascagoula, Pearl, and Tombigbee River
drainages. Mean values are denoted by the bold dot and error bars represent 1 SD from
the mean. Mean and (SD) are also presented. Letters represent significant differences
between groups.
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In the examination of turtle assemblages in the Pascagoula and Tombigbee
drainage, an ANOSIM revealed that drainage was a highly significant determinant in
Bray-Curtis dissimilarity (R=0.648, p<0.001). A PERMANOVA confirmed this,
revealing that drainage accounted for 39.5% of the variation among sites (F1,22=13.687,
p<0.001) (Table 3.5). This dissimilarity can be visualized in the NMDS ordination using
Bray-Curtis Dissimilarity (k=3, stress = 0.054) (Figure 3.13). When comparing the
Pascagoula assemblages to the Pearl assemblages, the ANOSIM revealed drainage to
again be a significant determinant of dissimilarity (R=0.171, p=0.013), which was
confirmed by the PERMANOVA (F1,25=4.431, p=0.008) Table 3.6. This dissimilarity can
be seen in Figure 3.14 (NMDS, k=3, stress=0.091).

Table 3.5
PERMANOVA of Bray-Curtis dissimilarity for turtle assemblages from the Pascagoula
and Tombigbee River drainages using 10,000 permutations
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Table 3.6
PERMANOVA of Bray-Curtis dissimilarity for turtle assemblages from the Pascagoula
and Pearl River drainages using 10,000 permutations

Similarity percentage analyses (SIMPER) were used to determine each species’
contribution to Bray-Curtis Dissimilarity between each altered system (Tombigbee,
Pearl) and the Pascagoula drainage. Three species (T. s. elegans, Macrochelys
temminckii, and Apalone spinifera) were the premier drivers in Bray-Curtis Dissimilarity,
with T. s. elegans being the foremost contributor of dissimilarity in both comparisons.
When comparing assemblages from the Tombigbee and Pascagoula drainage, T. s.
elegans, M. temminckii, and A. spinifera contributed 31.2%, 23.1%, and 19.2% to the
dissimilarity, respectively. Full results for the SIMPER analysis between Tombigbee and
Pascagoula assemblages can be found in Table 3.7. In the examination between
assemblages from the Pearl and Pascagoula drainages, T. s. elegans, M. temminckii, and
A. spinifera contributed 27.2%, 20.5%, and 20.4% to the overall dissimilarity. Full results
for the SIMPER analysis between Pearl and Pascagoula assemblages can be found in
Table 3.8.
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Figure 3.13 NMDS using Bray-Curtis dissimilarity for turtle assemblages from the
Pascagoula and Tombigbee River drainages (k=3)
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Figure 3.14 NMDS using Bray-Curtis dissimilarity for turtle assemblages from the
Pascagoula and Pearl River drainages (k=3)

An indicator species analysis was also used to assess which species are indicative
of sample groups and showed that no species were significantly associated with the Pearl
drainage. When comparing the Tombigbee assemblages and the Pascagoula assemblage,
species that were significantly associated with the Pascagoula consisted of Pseudemys
concinna (stat=0.78, p=0.015), M. temminckii (stat=0.77, p=0.005), lotic Sternotherus
(stat=0.72, p=0.025) and Apalone mutica (stat=0.61, p=0.020). In the Tombigbee group,
T. s. elegans (stat=0.84, p=0.02), Chelydra serpentina (stat=0.79, p=0.005), A. spinifera
(stat=0.74, p=0.01) and microcephalic Graptemys (stat=0.67, p=0.005) (Table 3.9).
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Table 3.7
SIMPER analysis results for turtle assemblages from the Tombigbee and Pascagoula
River drainage

Table 3.8
SIMPER analysis results for turtle assemblages from the Pearl and Pascagoula River
drainage
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Table 3.9
Indicator Species Analysis of turtle assemblages from the Pascagoula, Pearl, and
Tombigbee River drainages

Species

Pascagoula Group

Tombigbee Group

Stat

p

Pseudemys concinna
Macrochelys temminckii
Lotic Sternotherus
Apalone mutica

0.783
0.771
0.720
0.614

0.015
0.005
0.025
0.020

Trachemys scripta elegans
Chelydra serpentina
Apalone spinifera
Microcephalic Graptemys

0.842
0.785
0.741
0.667

0.020
0.005
0.010
0.005

Lastly, within the Tombigbee River drainage, simple linear regressions were used
to assess the relationships between T. s. elegans CPUE and straight-line distance to the
nearest lock and dam and river km to the nearest lock and dam. CPUE was approaching a
negative significant relationship with straight line distance to dam (F1,10=4.074, p=0.074,
r2=0.312), and the relationship between river km and T. s. elegans CPUE was also not
deemed significant ( F1,10=0.998, p=0.344, r2=0.010).
3.4 Discussion
Populations are naturally dynamic; however, alterations to population structure as
a result of human activities occur at an alarming rate and are of special conservation
concern (Meffe & Caroll, 1997; Primack, 1998; Browne & Hecnar, 2007). Changes to
populations, such as skewing sex ratios, can result in reduced effective population size,
lowered recruitment, and altered age structures, which can all then threaten the
persistence of a population (Browne & Hecnar, 2007). These perturbations in population
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structure ultimately manifest themselves in altered community structure, as communities
are defined by a spatially delimited set of interacting populations (Browne & Hecnar,
2007).
Community diversity also varies spatially and temporally, but at any given time
and place, there are various driving factors that determine the component species (Bodie
et al. 2000). The constituent species are theorized to be affected by an equilibrium
between abiotic regimes, competitive interactions between populations, evolutionary
adaptations within and among habitats, migration and dispersal, controlling of prey
populations via predators or diseases, and speciation (Bodie et al. 2000).
Historically, fish have been the primary vertebrate group within a community that
have been used to gage the health of aquatic ecosystems, while the role of turtles as
bioindicators has been largely overlooked (Riedle et al. 2009). However, the importance
of aquatic turtles has now been recognized, as the relative importance of these animals to
their habitat has been properly elucidated (Riedle et al. 2009). Lovich et al. (2018)
provided a rich summary of these impacts, which include energy flow through high
biomass, mineral cycling and bioaccumulation, trophic interactions as prey and predators,
and seed dispersal. Compared to other vertebrates, turtles represent a large proportion of
biomass in their environment, which is often greater than that of all other reptiles, which
translates to larger role in ecological processes, as higher biomasses usually correspond
to a greater impact on the ecosystem (Iverson, 1982; Lovich et al. 2018).
As turtles are represented by such large densities, their role as consumers, and to a
lesser degree as prey, in trophic dynamics cannot be overstated (Lovich et al. 2018).
Evidence of turtles as prey items dates to at least the lower Cretaceous, when
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ichthyosaurs predated marine turtles (Kear et al. 2003; Lovich et al. 2018). Today, eggs
and juveniles are integral parts of a wide variety of animal diets. Nest predation rates can
be as high as 100% in some years, resulting in a redistribution of energy between turtles
and their predators and between aquatic and terrestrial habitats (Congdon et al. 2000;
Moss, 2017; Congdon and Gibbons, 1989; Lovich et al. 2018). As consumers, turtles
serve as herbivores, carnivores, and omnivores, and are sometimes even the apex
predator in a system (Fukumori et al. 2016; Lovich et al. 2018). They also play important
roles as scavengers and can assist in the cleaning of rivers polluted by humans (Sinha,
1995; Lovich et al. 2018). Trophic position in a given food web can have direct effects on
community structure via top-down and bottom-up cascades, and as turtles serve as both
prey and predator, their survival is essential to healthy trophic dynamics (Lovich et al.
2018).
This examination of turtle assemblages sought to determine how distinct
hydrological histories of three river drainages in Mississippi might impact the constituent
turtle species. These systems represent a spectrum of hydrological alteration, with the
Pascagoula representing a free flowing, mostly natural system, the Pearl having
undergone moderate alteration, and the Tombigbee embodying a highly altered drainage.
It is important to note that assessing impacts to natural river systems presents challenging
statistical issues due to the lack of replication and inability to assign experimental units
(Hurlburt, 1984; Stewart-Oaten et al. 1986; Carpenter, 1989; Carpenter et al. 1989;
Richter et al. 1996). However, the lack of replication does not diminish the assessment of
the perturbation, but instead constrains inferences of the causes (Richter et al. 1996). This
is confounded by the fact that rivers undergo natural alteration over time as a result of
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their unique climate and geology (Richter et al. 1996). So, while the IHA can
successfully determine whether the post-impact period has significantly departed from
natural conditions, it cannot pinpoint the cause of the departure within the impact period.
Additionally, as the time period in question spans several decades, there is underlying
uncertainty in the relationship between flow modifications and ecological responses, as
the examination is confounded by a variety of other influential environmental
determinants of ecosystem health (Poff et al. 2010). However, this does not diminish the
examination of ecological responses through the lens of the IHA. Studies of this nature
elucidate how modern-day hydrological conditions deviate from baseline conditions,
which represent the evolutionary stage that acted upon native species and shaped
ecosystem processes (Poff et al. 2010). This better allows water managers to understand
the various impacts of alterations and draw connections to ecological phenomena over
time. When considering regional water management planning, studies of streamflow
modification-ecological responses can be used to inform and predict ecological reactions
to future alterations (Poff et al. 2010).
Another caveat of this research is that the ecological response variables in
question (the demographics of turtle assemblages), were not measured in the pre-impact
periods, as no extensive statewide surveys of turtle assemblages predate these alterations.
As a result, we cannot conclusively determine that modern assemblages do not reflect
historical assemblages. The life-history of turtles also serves to confound questions of
direct impacts of streamflow modification, as turtles are especially long-lived and
different taxa have vastly different response times to alteration events (Nilsson &
Svedmark, 2002; Poff et al. 2010). However, a basic understanding of the ecology of
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these species paired with the analysis of hydrological alterations can lead to meaningful
inferences, if not causes. For example, the extreme prevalence of T. s. elegans in the
now-transformed Tombigbee drainage likely does not reflect the pre-impact conditions,
as the historically meandering and biodiverse river system has been converted into a
series of pools and dams, where the lentic conditions favor the dominance of T. s. elegans
(Boschung, 1989; Stine, 1991; Selman, 2018).
This research has added utility if further modifications are introduced into these
drainages. For instance, if the One Lake Project is adopted in the Pearl River drainage,
these turtle surveys can help reveal the biological impacts of such a project with
subsequent post-alteration surveys of similar methodology. The Pearl River, which has
already been subjected to modification in the form of the Ross-Barnett Reservoir, sills,
and channelization, faces the prospect of additional alteration, with approximately 16
river km slated to be impounded by the One Lake Project (Selman, 2020). The
development of this impoundment would continue to threaten the biodiverse basin by
further altering the natural flow regime on which the local biota, including endemic turtle
species, are dependent (Graf, 2006; Selman, 2020).
When comparing the results of the RVA, HA scores were found to be
significantly distinct between stream gages in the Tombigbee and Pascagoula (p=0.0038)
and approaching significance between stream gages in the Pearl and Pascagoula
(p=0.0953). It is important to note that these drainages are inherently unique, with distinct
hydrological histories based on geology, drainage area, climate, and river
geomorphology, and thus, a comparison of one to another is not a direct comparison but
can still help clarify relative levels of alteration over a conserved period between
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drainages. All gages with sufficient data were utilized within each basin, as the effects of
alterations such as channelization and impoundments are not restricted to the modified
reach, but also have far-reaching upstream and downstream ramifications (Whitten &
Patrick, 1981; Walker et al. 1995). The majority of stream gages were separated by PC1
by their respective drainages in the analysis of the Pascagoula and the Tombigbee.
Mainstem gages, represented by the Pascagoula River at Merrill (P10: USGS #0247900)
and the Tombigbee River at Stennis (T1: USGS #02433500), were diametrically opposed
in ordinal space, with the mainstem Tombigbee strongly negatively associated with PC1,
while the mainstem Pascagoula was strongly positively associated with PC1. Gages from
smaller eastern tributaries of the Tombigbee River, such as the Buttahatchee River at
Hamilton (T4: USGS #02446500) and the Sipsey River at Elrod (T5: USGS #02446500),
were the exceptions within the Tombigbee drainage and were weakly positively
associated with PC1. For the Pascagoula, it was also the smaller, more fluctuating
systems that went against the trend of Pascagoula gages being positively associated with
PC1, with gages from the Chunky River at Chunky (P2: USGS # 02475500),
Chickasawhay River at Enterprise (P3: USGS #02477000), and Bouie Creek at
Hattiesburg (P6: USGS # 02472500), being negatively associated with PC1.
The PCA determined that the premier drivers of variation of HA scores between
the Tombigbee and Pascagoula were parameters describing the magnitude of monthly
water conditions and magnitude and duration of annual extreme conditions. Intra-annual
variation is a key component of the natural flow-regime paradigm that is essential for the
healthy functioning of riverine systems (Poff et al. 1997; Olden & Kennard, 2010). All
ten Pascagoula gages not only maintained their full intra-annual variation of median
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streamflow, but all gages in the post-impact period had actually increased their range of
intra-annual variation when compared to the pre-impact period. On the contrary, most
(66.6%) of the Tombigbee saw dramatic decreases in intra-annual streamflow variation
after the construction of the TTW (the exceptions being T3 and T5), with the mainstem
gage (T1) undergoing the most precipitous decline in intra-annual variation. This
suggests that over the period in question, the Pascagoula has maintained its intra-annual
variation in streamflow, while most of the rivers within the Tombigbee systems have
become more homogenized as a result of the TTW, not reaching the full suite of
streamflow conditions achieved before its construction. Differences in intra-annual
streamflow variation can have manifold influences on ecosystem process. Specifically,
the magnitude of monthly water conditions and subsequent changes due to the TTW can
dictate habitat availability for turtles and other aquatic organisms, allow predators such as
otters and raccoons to access nests, and influence the chemical properties of water (The
Nature Conservancy, 2009). The loss of heterogeneity can also lead to the proliferation of
generalist species, such as T. s. elegans, as exemplified by catch rates being 8.5x higher
in the Tombigbee than in the Pascagoula. This loss of intra-annual variation is also
reflected in parameters indicating the magnitude and duration of annual extreme
conditions, with the Tombigbee showing an increase in annual minima (1-day, 3-day, 7day-, 30-day, 90-day means) when compared to the Pascagoula, again showing that the
Tombigbee is not attaining the full array of streamflow conditions it achieved pre-TTW.
Changes in the magnitude and duration of annual extreme conditions can lead to shifts in
the balance of competitive and stress-tolerant organisms, the structure of aquatic
ecosystems by biotic and abiotic factors, the composition of the river channel
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morphology, and the duration of stressful conditions such an anoxia, among others (The
Nature Conservancy, 2009).
Gages from the Pearl and Pascagoula drainages had more overlap in ordinal space
and HA scores were not deemed to be significant (p=0.0953). Most gages were grouped
with their respective drainage along PC1, with the exception of Pe6 (Bogue Chitto River
at Bush) for the Pearl, and Pa3 (Chickasawhay River at Leakesville), Pa7 (Leaf River at
Hattiesburg), and Pa9 (Pascagoula River at Merrill) for the Pascagoula. As was the case
with the examination between the Tombigbee and the Pascagoula, the premier drivers of
variation along PC1 included the magnitude of monthly water conditions and magnitude
and duration of annual extreme water conditions, whose ecological impacts have already
been explored. The parameter most driving the PCA for PC1&2, however, was the date
of minimum, which reflects the timing of annual extreme water conditions. Changes to
this group of IHA parameters can alter compatibility of organism life cycles, induce
stress for biota, and allow animals access to special habitats for feeding or protection
(The Nature Conservancy, 2009). While the Tombigbee saw substantial losses of intraannual variation, the Pearl maintained its range of intra-annual variation in the wake of its
modifications.
In the examination of turtle assemblages across these drainages that represent a
spectrum of hydrological alterations, it is important to note assemblage composition is
not determined by any lone variable. The structure of assemblages is determined by a
variety of biotic interactions, including competition, predation, and facilitation (Morin,
1999; Dreslik et al. 2005). The number of species present in a given assemblage is
impacted by the area of the habitat, environmental heterogeneity, and degree of isolation,
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and the number of species encountered by surveying is heavily influenced by trapping
effort (Lawton et al. 1993; Schluter & Ricklefs, 1993; Dreslik et al. 2005). With that said,
the conserved Pascagoula shows higher species richness per site than both the moderately
altered Pearl and heavily altered Tombigbee, although the difference in species richness
between the Pascagoula and Tombigbee was not deemed significant. Other assessments
of responses of North American turtles to flow modification have found that alteration
lowered species richness through the exclusion of intolerant, obligately riverine species
(Vandewalle & Christiansen, 1996).
The Pascagoula also displayed higher evenness than the Tombigbee and lower
abundance of T. s. elegans than the Tombigbee. Trachemys scripta elegans contributed
the most to the dissimilarity among drainages, with the Pascagoula representing low
densities, the Pearl representing medium densities, and the Tombigbee representing
extremely high densities. The indicator species analysis ascribed T. s. elegans to be most
diagnostic of the altered Tombigbee, which is no surprise considering the species made
up 60% of total captures from the drainage. Impoundments, such as the series of locks
and dams that make up the TTW, have been shown to reduce habitat heterogeneity and
allow lentic species to dominate, with evidence of this occurring with T. s. elegans
(Vandewalle & Christiansen, 1996; Bodie, 2001). Trachemys scripta elegans, a species
typically found in lentic environments, made up a disproportionate percentage of captures
from this basin, especially in the upper TTW where the impoundments are more
numerous, with sites along the heavily channelized reaches of the TTW showing the
highest CPUE of T. s. elegans and the lowest evenness (Vandewalle & Christiansen,
1996; Bodie, 2001). Other examinations of the effects of the TTW on aquatic diversity
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have found that species reliant on large, free-flowing rivers are most adversely affected
by the modified environment, while generalists fare better (Boschung, 1989).
Although outside of the scope of this research, it is important to contemplate the
implications of T. s. elegans becoming so numerically dominant in an altered system
alongside other species with shared evolutionary lineages, considering that T. s. elegans
is considered one of the “World’s Worst Invasive Alien Species” (Invasive Species
Specialist Group, 2004). If the conversion of lotic to lentic environments within its native
range has allowed T. s. elegans to proliferate, then river systems with non-native T. s.
elegans that are also threatened with impoundments might face an additive threat to
constituent riverine species. Variable streamflow has been shown to limit invasibility in
aquatic species, while habitat alteration is strongly linked with the establishment of nonnative species (Light, 2003). If systems are impounded, non-native T. s. elegans might
benefit from this alteration and be able to establish themselves, where they have been
shown to outcompete native turtle species and disrupt food webs (Kikillus et al. 2010;
Light, 2003).
Other species that were strongly indicative of the highly modified Tombigbee
were Chelydra serpentina, which typically are restricted to lentic habitats in Mississippi,
A. spinifera, which is a generalist found in lotic and lentic environments, and
microcephalic Graptemys. Species that were significantly indicative of the pristine
Pascagoula included more obligately riverine species, such as Pseudemys concinna, Lotic
Sternotherus, and Apalone mutica, as well as M. temminckii, which can be found in rivers
and associated oxbows. While the Pascagoula drainage was the only sampled basin in
which we caught both lotic Sternotherus found in Mississippi (Sternotherus peltifer and
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Sternotherus carinatus), S. peltifer was only captured on two occasions and was thus not
highly contributive in this analysis. Interestingly, other examinations of the effects of
hydrologic alterations on North American turtles have suggested A. mutica, an obligate
riverine species, to be highly susceptible to the negative impacts of streamflow
modification, which is supported by its placement into the Pascagoula group (Vandewalle
& Christiansen, 1996; Lenhart et al. 2013).
In summation, the Pascagoula, Pearl, and Tombigbee River drainages have
distinct histories of hydrologic alteration, which are likely reflected in their distinct
constituent turtle assemblages. Higher diversity indices (species richness, evenness) were
found in the naturally-flowing Pascagoula, while the Tombigbee assemblages were
diagnostic of a highly altered system. Trachemys scripta elegans was the dominant
component of the radically transformed Tombigbee River drainage, whereas the species
represented a minor component in the conserved Pascagoula River drainage. The Pearl
River drainage, which has undergone moderate alteration, showed intermediate levels of
T. s. elegans abundance. Impoundments have been shown to favor fish species that are
habitat and dietary generalists, and this trend is continued in this examination of the
impacts on freshwater turtles, with T. s. elegans benefitting from the conversion of
heterogenous lotic habitat to homogenous lentic pools (Poff & Allan, 1995, Bain et al.
1988; Pusey et al. 2005; Poff et al. 2010). While this research cannot assertively pinpoint
the mechanisms or causes that drive current turtle assemblages in these drainages, it
should suggest to water managers that hydrological alterations have negative effects on
freshwater turtles akin to those impacting other aquatic taxa. Potential mechanisms for
the shift in community composition as a result of hydrologic modification include loss of
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riverine and nesting habitats, such as sandbars, and altering food availability (i.e.,
increased erosional practices and sedimentation affecting imperiled mussel species,
which can impact molluscivorous turtles), but more research is needed to illuminate the
underlying pathways of assemblage compositions. Impoundments and channelization can
allow the proliferation of generalists (T. s. elegans) in historically riverine environments
that have been converted to lentic habitats and can reduce diversity through the exclusion
of obligately riverine species. The modifications to the Tombigbee River drainage have
lessened the variability in intra-annual streamflow – a notable component of the natural
streamflow paradigm. As the crucial role of freshwater turtles on ecosystem function
continues to be elucidated, we suggest that water managers should consider freshwater
turtles as well as taxa more traditionally utilized in management plans (i.e., fish and
macroinvertebrates) when devising hydrological alteration projects.
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